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Abstract	  
The	   work	   presented	   in	   this	   thesis	   follows	   two	   main	   branches.	   The	   first	   aims	   to	   develop	  
instrumentation	  for	  3D-­‐STED	  microscopy	  and	  to	  apply	  it	  to	  the	  study	  of	  bulk	  diamond,	  nanoparticles	  
and	   biological	   samples.	   The	   second	   aims	   to	   evaluate	   the	   application	   of	   fluorescence	   imaging	   and	  
spectroscopy	  techniques	  to	  the	  study	  of	  luminescent	  defects	  in	  diamond.	  
Building	  on	  previous	  work	  in	  the	  Photonics	  Group	  at	  Imperial	  College	  London,	  spatial	  light	  modulator	  
(SLM)	  technology	  was	  incorporated	  into	  a	  STED	  system	  in	  a	  novel	  configuration	  to	  provide	  a	  robust	  
and	   convenient	   solution	   for	   3D-­‐STED	   microscopy.	   This	   system	   was	   applied	   to	   the	   first	   reported	  
super-­‐resolution	  imaging	  of	  the	  interaction	  between	  two	  cells	  in	  their	  natural	  state.	  The	  system	  was	  
further	   applied	   to	   STED	   imaging	   of	   nitrogen	   vacancy	   centres	   in	   bulk	   diamond	   and	   to	   a	   proof	   of	  
principle	  experiment	  for	  novel	  plasmon-­‐assisted	  labels	  for	  STED	  microscopy.	  
The	   effects	   of	   wavefront	   aberration	   on	   STED	   microscopy	   were	   investigated	   and	   a	   predictive	  
correction	   philosophy	  was	   developed	   based	   on	   spherical	   aberration	   induced	   by	   a	   refractive	   index	  
mismatch.	   The	   flexibility	   offered	   by	   the	   SLM	   technology	   was	   taken	   advantage	   of	   to	   demonstrate	  
recovery	   of	   STED	   imaging	   quality	   in	   glycerol	   and	   bulk	   diamond	   by	   active	   correction	   of	   spherical	  
aberration	  experienced	  by	  the	  depletion	  point	  spread	  function.	  
Confocal	   intensity	   imaging,	   confocal	   fluorescence	   lifetime	   imaging	   (FLIM)	   and	   multispectral	  
fluorescence	   lifetime	   measurement	   were	   applied	   to	   the	   imaging	   of	   fluorescent	   defects	   in	   bulk	  
diamond.	  It	  was	  demonstrated	  that	  FLIM	  can	  provide	  information	  that	  is	  complimentary	  to	  intensity	  
imaging	   in	   diamond	   and	   that	   it	   is	   possible	   to	   spectrally	   distinguish	   defects	   in	   diamond	   while	  
simultaneously	  measuring	  their	  lifetime	  using	  multispectral	  lifetime	  measurement	  methods.	  
This	  thesis	  also	  presents	  the	  ongoing	  development	  of	  a	  system	  for	  STED	  of	  live	  samples	  that	  express	  
green	  fluorescent	  protein	  (GFP).	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  and	  axial	  (b)	  line	  profiles	  (black	  dots)	  taken	  from	  Figure	  36	  (b)	  and	  (d)	  respectively	  with	  
Lorentzian	  fits	  (red	  lines)	  demonstrating	  lateral	  and	  axial	  STED	  PSF	  FWHMs	  of	  46	  nm	  and	  109	  nm	  
respectively.	  Line	  profiles	  from	  the	  corresponding	  structures	  in	  the	  confocal	  images	  in	  Figure	  36	  
(c)	  and	  (d)	  are	  also	  shown	  (blue	  lines).	  ..........................................................................................	  84	  
Figure	  38	  –	  x-­‐z	  plane	  images	  of	  20	  nm	  fluorescent	  bead	  with	  (a)	  no	  depletion	  beam,	  (b)	  100%	  lateral	  depletion,	  
(c)	  2:1	  axial/lateral	  depletion	  and	  (d)	  100%	  axial	  depletion.	  Image	  size	  =	  128	  x	  128	  pixels,	  dwell	  
time	   =0.4	   ms,	   pixel	   size	   =	   30	   nm.	   Excitation	   and	   depletion	   were	   performed	   with	   light	   of	  
wavelength	  609	  nm	  and	  780	  nm	  respectively.	  ..............................................................................	  84	  
Figure	  39	  -­‐	  confocal	  (a)	  and	  STED	  (b)	  images	  of	  the	  immune	  synapse	  in	  the	  x-­‐y	  plane,	  image	  size	  =	  512	  x	  512	  
pixels,	  dwell	  time	  =0.4	  ms,	  pixel	  size	  =	  52	  nm.	  Confocal	  (c)	  and	  STED	  (d)	  images	  of	  the	  immune	  
synapse	  imaged	  in	  the	  x-­‐z	  plane	  as	  indicated	  by	  the	  dashed	  line	  in	  (a)	  and	  (b)	  image	  size	  =	  256	  x	  
256	  pixels,	  dwell	  time	  =0.4	  ms,	  pixel	  size	  =	  45	  nm.	  Excitation	  and	  depletion	  were	  performed	  with	  
light	  of	  wavelength	  609	  nm	  and	  780	  nm	  respectively.	  ..................................................................	  85	  
Figure	  40	  -­‐	  Lateral	  (a)	  and	  axial	  (b)	  line	  profiles	  of	  structures	  presented	  in	  Figure	  39	  (d)	  along	  with	  line	  profiles	  
from	  the	  corresponding	  structures	  in	  confocal	  image	  in	  Figure	  39	  (c).	  .........................................	  86	  
Figure	  41	  -­‐	  Confocal	  (a)	  and	  STED	  (b)	  images	  of	  NV-­‐	  centres	  in	  bulk	  CVD	  diamond	  in	  the	  x-­‐y	  plane.	  Image	  size	  =	  
128	   x	   128	   pixels,	   dwell	   time	   =	   2.4	  ms,	   pixel	   size	   =	   18	   nm.	   (a)	   10	   frames	   accumulated,	   (b)	   20	  
frames	  accumulated.	  .....................................................................................................................	  87	  
Figure	  42-­‐	  lateral	  line	  profile	  (black	  dots)	  taken	  from	  region	  indicated	  by	  the	  yellow	  arrows	  in	  Figure	  41	  (b)	  with	  
Lorentzian	  fit	  (red	  line)	  demonstrating	  lateral	  STED	  PSF	  FWHM	  of	  90	  nm.	  The	  line	  profile	  of	  the	  
corresponding	  region	  in	  the	  confocal	  image	  in	  Figure	  41	  (a)	  is	  also	  shown	  (blue	  line).	  ................	  87	  
Figure	  43	  –	  illustration	  of	  an	  unaberrated	  plane	  wave	  (blue)	  and	  an	  aberrated	  wave	  (red)	  at	  the	  entrance	  pupil	  
of	  an	  objective	  lens.	  .......................................................................................................................	  91	  
Figure	  44	  –	  Circular	  pupil	  over	  which	  Zernike	  polynomials	  are	  defined.	  ..............................................................	  92	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Figure	  45	  –	  (a)	  Excitation	  and	  (b)	  doughnut	  depletion	  foci	  in	  the	  x-­‐y	  plane	  aberrated	  with	  Zernike	  Polynomials	  
of	  non-­‐zero	  kind	  and	   increasing	  order	   (left	   to	   right)	  and	  RMS	  amplitude	  0	   to	  1	   radians	   (top	   to	  
bottom).	  Calculated	  in	  the	  x-­‐y	  plane	  for	  NA	  =	  1.4.	  and	  wavelength	  780	  nm.	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  94	  
Figure	   46	   –	   simulated	   x-­‐y	   plane	   foci	   calculated	   for	   circularly	   polarised	   780	   nm	   light	   focused	   by	   a	   1.4	   NA	  
objective	   lens	   in	   the	   presence	   of	   increasing	   amplitude	   of	   primary	   astigmatism.	   From	   top	   to	  
bottom:	   normal	   Gaussian	   foci,	   doughnut	   depletion	   foci,	   fluorescence	   emission	   distributions,	  
fluorescence	  emission	  distributions	  for	  the	  case	  of	  a	  corrected	  depletion	  focus.	  ........................	  95	  
Figure	   47	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   helicoidal	   beam	   focus	   for	   increasing	  
amplitudes	  of	  primary	  astigmatism.	  ..............................................................................................	  96	  
Figure	   48	   -­‐	   simulated	   x-­‐y	   plane	   foci	   calculated	   for	   circularly	   polarised	   780	   nm	   light	   focused	   by	   a	   1.4	   NA	  
objective	   lens	   in	   the	   presence	   of	   increasing	   amplitude	   of	   secondary	   astigmatism.	   From	   top	   to	  
bottom:	   normal	   Gaussian	   foci,	   doughnut	   depletion	   foci,	   emission	   distributions	   and	   emission	  
distributions	  for	  the	  case	  of	  a	  corrected	  depletion	  focus.	  .............................................................	  97	  
Figure	   49	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   helicoidal	   beam	   focus	   for	   increasing	  
amplitudes	  of	  secondary	  astigmatism.	  ..........................................................................................	  98	  
Figure	   50	   -­‐	   simulated	   x-­‐y	   plane	   foci	   calculated	   for	   circularly	   polarised	   780	   nm	   light	   focused	   by	   a	   1.4	   NA	  
objective	   lens	   in	   the	   presence	   of	   increasing	   amplitude	   of	   primary	   coma.	   From	   top	   to	   bottom:	  
normal	  Gaussian	  foci,	  doughnut	  depletion	  foci,	  emission	  distributions	  and	  emission	  distributions	  
for	  the	  case	  of	  a	  corrected	  depletion	  focus.	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  99	  
Figure	   51	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   in	   the	  
presence	  of	  varying	  amplitude	  of	  primary	  x	  coma.	  .....................................................................	  100	  
Figure	   52	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	  minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	  with	   no	  
aberration	   (red	   line)	   and	   a	   Gaussian	   excitation	   focus	   with	   ϕ!"# = 1  rad  of	   primary	   coma.	  
Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  nm.	  ........................................................................	  101	  
Figure	   53	   -­‐	   simulated	   x-­‐y	   plane	   PSFs	   calculated	   for	   circularly	   polarised	   780	   nm	   light	   focused	   by	   a	   1.4	   NA	  
objective	  lens	  in	  the	  presence	  of	  increasing	  amplitude	  of	  secondary	  coma.	  From	  top	  to	  bottom:	  
normal	  Gaussian	  foci,	  doughnut	  depletion	  foci,	  emission	  distributions,	  emission	  distributions	  for	  
the	  case	  of	  a	  corrected	  depletion	  focus.	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  102	  
Figure	   54	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   in	   the	  
presence	  of	  varying	  amplitude	  of	  secondary	  x	  coma.	  ..................................................................	  103	  
Figure	   55	   -­‐	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   with	   no	  
aberration	   (red	   line)	   and	   a	   Gaussian	   excitation	   PSF	   focus	  ϕ!"# = 1  rad	   of	   secondary	   x	   coma	  
(blue	  line).	  Calculated	  for	  NA=	  1.4	  and	  wavelength	  780	  nm.	  ......................................................	  104	  
Figure	   56	   –	   simulated	   x-­‐y	   plane	   foci	   calculated	   for	   circularly	   polarised	   780	   nm	   light	   focused	   by	   a	   1.4	   NA	  
objective	   lens.	   (a)	  Gaussian	   foci,	   (b)	  doughnut	  depletion	   foci,	   (c)	  emission	  distributions	  and	   (d)	  
emission	   distributions	   for	   the	   case	   of	   a	   corrected	   depletion	   focus	   in	   the	   presence	   of	   no	  
aberration	  or	  1	  radian	  RMS	  of	  primary	  trefoil,	  primary	  quadrafoil	  or	  primary	  pentafoil.	  ...........	  105	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Figure	   57	   –	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   in	   the	  
presence	  of	  varying	  amplitude	  of	  primary	  trefoil.	  .......................................................................	  106	  
Figure	   58-­‐	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   in	   the	  
presence	  of	  varying	  amplitude	  of	  primary	  quadrafoil.	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  106	  
Figure	   59-­‐	   x-­‐axis	   line	   profiles	   through	   the	   central	   minimum	   of	   a	   simulated	   helicoidal	   beam	   focus	   in	   the	  
presence	  of	  varying	  amplitude	  of	  secondary	  pentafoil.	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  107	  
Figure	  60	  –	  x-­‐y	  plane	  excitation	  foci	  (left)	  and	  doughnut	  foci	  (right)	  aberrated	  with	  Zernike	  Polynomials	  of	  zero	  
kind	   and	   increasing	   order	   (left	   to	   right)	   and	   RMS	   amplitude	   0	   to	   1	   radians	   (top	   to	   bottom).	  
Calculated	  for	  circularly	  polarised	  780	  nm	  light	  and	  NA	  =	  1.4.	  ....................................................	  107	  
Figure	  61	   -­‐	   Intensity	  map	  constructed	  of	  axial	   line	  profiles	   through	   the	  centre	  of	  a	  bottle	  beam	  focus	   in	   the	  
presence	  of	  defocus.	  Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  nm.	  .....................................	  108	  
Figure	  62	  -­‐	  axial	  line	  profiles	  through	  the	  centre	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  defocus.	  Calculated	  
for	  NA	  =	  1.4	  and	  wavelength	  780	  nm.	  .........................................................................................	  109	  
Figure	   63	   –	   Intensity	   map	   constructed	   of	   axial	   line	   profiles	   of	   a	   bottle	   beam	   focus	   in	   the	   presence	   of	   (a)	  
primary	   spherical	   aberration,	   (b)	   secondary	   spherical	   aberration	   and	   (c)	   tertiary	   spherical	  
aberration.	  Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  nm.	  .....................................................	  110	  
Figure	  64	   -­‐	   axial	   line	  profiles	  of	   a	  bottle	  beam	   focus	   in	   the	  presence	  of	   (a)	  primary	   spherical	   aberration,	   (b)	  
secondary	  spherical	  aberration	  and	  (c)	  tertiary	  spherical	  aberration	  with	  amplitude	  0	  to	  1	  radian.	  
Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  nm	  .........................................................................	  111	  
Figure	   65	   (a)	   -­‐	   index	   matched	   system	   displaying	   no	   spherical	   aberration,	   (b)	   -­‐	   index	   mismatched	   system	  
displaying	  severe	  spherical	  aberration.	  .......................................................................................	  113	  
Figure	   66	   -­‐	   illustration	   of	   an	   objective	   lens	   focusing	   light	   through	   a	   planar	   refractive	   index	   mismatch.	  Ψ	   -­‐	  
wavefront	  at	  objective	  pupil,	  ϕ!	   -­‐	  ray	  angle	   in	  first	  medium,	  Φ!	   -­‐	  ray	  angle	   in	  second	  medium.
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  114	  
Figure	  67	  –	  simulated	  x-­‐z	  plane	  images	  of	  (a)	  an	  unaberrated	  focus	  and	  (b)	  resultant	  focus	  imaging	  through	  70	  
µm	  of	  glycerol.	  Wavelength	  =	  609	  nm,	  NA	  =	  1.4.	  Calculated	  for	  linearly	  polarised	  light.	  ............	  116	  
Figure	   68	   –	   Axial	   line	   profiles	   of	   probes	   placed	   at	   increasing	   depths	   below	   a	   planar	   interface	   between	  
immersion	   oil	   (n	   =	   1.518)	   and	   glycerol	   (n	   =	   1.467)	   calculated	   for	   609	   nm	   light	   and	   numerical	  
aperture	   1.4	   The	   overlayed	   white	   line	   represents	   the	   position	   of	   paraxial	   focus	   (low	   NA	  
approximation)	  [116].	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  117	  
Figure	   69	   -­‐	   Axial	   line	   profiles	   of	   probes	   placed	   at	   increasing	   depths	   below	   a	   planar	   interface	   between	  
immersion	  oil	  (n	  =	  1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  
1.4	  and	  bottle	  beam	  phase.	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  117	  
Figure	   70	   -­‐	   Axial	   line	   profiles	   of	   probes	   placed	   at	   increasing	   depths	   below	   a	   planar	   interface	   between	  
immersion	  oil	  (n	  =	  1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  
1.4	  and	  bottle	  beam	  phase	  that	  is	  corrected	  for	  spherical	  aberration.	  .......................................	  118	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Figure	   71	   –	   Axial	   positions	   relative	   to	   the	   nominal	   focal	   plane	   of	   the	   peak	   intensity	   of	   foci	   calculated	   at	  
increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  1.518)	  and	  glycerol	  (n	  =	  
1.467)	  calculated	  for	  609	  nm	  light	  and	  numerical	  aperture	  1.4.	  .................................................	  119	  
Figure	   72	   -­‐	   Axial	   line	   profiles	   of	   probes	   placed	   at	   increasing	   depths	   below	   a	   planar	   interface	   between	  
immersion	  oil	  (n	  =	  1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  
1.4	   and	   bottle	   beam	   phase	   that	   is	   corrected	   for	   spherical	   aberration	   and	   refocused	   to	   the	  
position	  of	  the	  peak	  intensity	  of	  the	  excitation	  beam.	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  119	  
Figure	  73	  –	  example	  holograms	  to	  generate	  a	  bottle	  beam	  PSF	  and	  (a)	  fully	  correct	  for	  refraction	  and	  (b)	  fully	  
correct	   for	   refraction	   and	   subsequently	   refocus	   to	   the	   position	   of	   the	   excitation	   PSF	   when	  
imaging	  at	  40	  µm	  depth	  in	  glycerol	  with	  a	  1.4	  NA	  oil	  immersion	  lens.	  ........................................	  120	  
Figure	  74	  –	  cartoon	  of	  microscope	  objective	  lens	  focused	  into	  two	  layer	  fluorescent	  nanodiamond	  sample	  used	  
to	  test	  predictive	  aberration	  compensation	  ................................................................................	  121	  
Figure	  75	  -­‐	  confocal	  (a)	  and	  STED	  (b)	  images	  in	  the	  x-­‐z	  plane	  of	  a	  100	  nm	  fluorescent	  nanodiamond	  imaged	  at	  
the	  cover	  slip	   (at	  zero	  depth)	  with	   the	  SLM	  programmed	  to	  correct	  only	   for	  aberrations	   in	   the	  
microscope	  system.	  .....................................................................................................................	  121	  
Figure	   76	   –	   x-­‐z	   plane	   confocal	   (a),	   STED	   with	   no	   aberration	   compensation	   (b)	   and	   STED	   with	   aberration	  
compensation	  (c)	  images	  of	  a	  100	  nm	  nanodiamond	  imaged	  through	  the	  70	  μm	  layer	  of	  glycerol.
	  .....................................................................................................................................................	  122	  
Figure	   77	   –	   axial	   line	   profiles	   of	   fluorescent	   nanoparticles	   under	   uncorrected	   STED	   illumination	   (data	   –	   red	  
dots,	  fit	  –	  pink	  line)	  and	  corrected	  STED	  illumination	  (data	  -­‐	  blue	  triangles,	  fit	  –	  green	  line).	  ....	  122	  
Figure	   78	   –	   Axial	   line	   profiles	   of	   probes	   placed	   at	   increasing	   depths	   below	   a	   planar	   interface	   between	  
immersion	   oil	   (n	   =	   1.518)	   and	   diamond	   (n	   =	   2.42)	   calculated	   for	   609	   nm	   light	   and	   numerical	  
aperture	   1.4.	   The	   overlayed	   white	   line	   represents	   the	   position	   of	   paraxial	   focus	   (low	   NA	  
approximation)	  [116].	  ..................................................................................................................	  123	  
Figure	   79	   -­‐	   Axial	   positions	   relative	   to	   the	   nominal	   focal	   plane	   of	   the	   peak	   intensity	   of	   foci	   calculated	   at	  
increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  1.518)	  and	  diamond	  (n	  =	  
2.42)	  calculated	  for	  609	  nm	  light	  and	  numerical	  aperture	  1.4.	  ...................................................	  124	  
Figure	  80	  –	  confocal	  (a),	  STED	  (b)	  and	  aberration	  corrected	  STED	  (c)	   images	  in	  the	  x-­‐z	  plane	  of	  NV	  centres	   in	  
bulk	  CVD	  diamond.	  Scale	  bar	  =	  1µm.	  ...........................................................................................	  124	  
Figure	  81	  -­‐	  axial	  line	  profiles	  of	  (a)	  optical	  bottle	  beam	  focus	  and	  (b)	  combined	  3D-­‐STED	  focus	  in	  the	  presence	  
of	  increasing	  primary	  astigmatism.	  ..............................................................................................	  125	  
Figure	  82	  -­‐	  Schematic	  of	  the	  NV	  centre	  and	  diamond	  lattice.	  Adapted	  from	  [6]	  ©	  2013	  with	  permission	  from	  
Elsevier.	  ........................................................................................................................................	  133	  
Figure	  83	  -­‐	  Diagram	  of	  the	  basic	  known	  details	  of	  the	  NV-­‐	  electronic	  structure	  ................................................	  134	  
Figure	  84	  -­‐	  Luminescence	  (dotted)	  and	  absorption	  (solid)	  curves	  for	  NV-­‐,	  where	  the	  absorption	  curve	  has	  been	  
reflected	  at	  the	  zero-­‐phonon	  line	  at	  1.945	  eV.	  Adapted	  from	  [163]	  ©	  1976.	  .............................	  135	  
Figure	  85	  -­‐	  Zero	  field	  splitting	  of	  the	  spin	  sub-­‐levels	  of	  the	  3A2	  ground	  and	  
3E	  excited	  states	  of	  NV-­‐	  .................	  135	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Figure	  86	  -­‐	  Wavelength	  dependence	  of	  NV-­‐	  emission.	  Confocal	  fluorescence	  microscopy	  images	  of	  NV-­‐	  centres	  
in	  bulk	  CVD	  diamond	  excited	  with	  optical	  bands	  centred	  on	  (left	  to	  right)	  520	  nm	  (2.38	  eV),	  575	  
nm	   (2.16	   eV),	   593	   nm	   (2.09	   eV),	   609	   nm	   (2.04	   eV),	   628	   nm	   (1.97	   eV)	   with	   200	   microwatts	  
excitation	  power	  used	  in	  each	  case.	  Image	  size:	  128	  x	  128	  pixels,	  pixel	  size	  	  =	  42	  nm,	  dwell	  time	  =	  
2ms;	  .............................................................................................................................................	  136	  
Figure	  87	  -­‐	  Basic	  electronic	  structure	  of	  NV0	  showing	  zero-­‐phonon	  line	  at	  2.156	  eV	  (575	  nm).	  ........................	  137	  
Figure	  88	  -­‐	  Luminescence	  spectra	  of	  CVD	  diamond	  for	  458	  nm	  (red	  curve)	  excitation	  and	  514	  nm	  (black	  curve)	  
excitation.	  Sharp	  peaks	  at	  575	  nm	  and	  637	  nm	  are	  clearly	  visible,	  indicating	  the	  positions	  of	  the	  
zero-­‐phonon	  lines	  of	  NV0	  and	  NV-­‐	  centres	  respectively.	  ..............................................................	  138	  
Figure	  89	   -­‐	   Schematic	  of	   the	   split-­‐vacancy	   structure	  of	   the	   silicon	  vacancy	  defect	   in	  diamond.	  Adapted	   from	  
[182]	  ©	  2011.	  ...............................................................................................................................	  139	  
Figure	  90	  -­‐	  Emission	  spectra	  and	  fluorescence	  lifetime	  curves	  of	  H3	  and	  H4	  centres	  in	  nanodiamond.	  Adapted	  
from	  [196]	  ©	  2011	  with	  permission	  from	  AIP	  Publishing	  LLC.	  .....................................................	  140	  
Figure	  91-­‐	  Confocal	  fluorescence	  image	  of	  CVD	  diamond	  collected	  with	  NA	  =	  1.4	  showing	  a	  cross-­‐sectional	  view	  
of	  NV-­‐	  uptake	  during	  growth.	  The	  sample	  was	  excited	  using	  575	  nm	  excitation	  light	  and	  emission	  
was	  detected	  in	  the	  band	  672	  –	  712	  nm.	  Image	  size:	  256	  x	  256	  pixels,	  pixel	  size	  =	  136	  nm,	  dwell	  
time	  =	  10	  ms.	  ................................................................................................................................	  141	  
Figure	   92	   –	   Low	  defect	   density	   terrace	   (blue)	   and	  high	  defect	   density	   riser	   (orange)	   growth	   regions	   formed	  
during	  CVD	  diamond	  growth.	  .......................................................................................................	  142	  
Figure	  93	  -­‐	  Confocal	  fluorescence	  image	  of	  CVD	  diamond	  collected	  with	  NA	  =1.4	  showing	  a	  cross-­‐sectional	  view	  
of	   diamond	   growth.	   The	   sample	   was	   excited	   using	   575	   nm	   excitation	   light	   and	   emission	   was	  
detected	  in	  the	  band	  672	  –	  712	  nm.	  Image	  size	  =	  512	  x	  512	  pixels,	  pixel	  size	  =	  59	  nm,	  dwell	  time	  
=	  0.05	  ms	  accumulated	  for	  50	  frames.	  .........................................................................................	  142	  
Figure	  94	   -­‐	  Confocal	   (a)	  and	  STED	   (b)	   images	  of	  NV	  centres	   in	  CVD	  diamond	  acquired	  with	  an	  oil	   immersion	  
objective	   lens	  of	  NA	  1.4.	   575	  nm	  and	  780	  nm	   radiation	  was	  used	   for	   excitation	  and	  depletion	  
respectively.	   Emission	  was	  detected	   in	   the	  band	  672	  –	  712	  nm.	   Image	   size	  =	  256	  x	  256	  pixels,	  
pixel	  size	  =	  17.8	  nm,	  dwell	  time	  =	  0.05	  ms	  accumulated	  for	  200	  frames.	  ...................................	  143	  
Figure	   95	   -­‐	   Schematic	   of	   the	   four	   possible	   orientations	   of	   NV	   centres	   in	   diamond.	   Carbon	   atoms	   are	  
represented	  by	  grey	  circles,	  nitrogen	  atoms	  as	  blue	  circles	  and	  lattice	  vacancies	  as	  red	  circles.	  143	  
Figure	  96	  -­‐	  Confocal	  x-­‐y	  plane	  (a)	  and	  confocal	  y-­‐z	  plane	  (b)	  intensity	  maps	  and	  associated	  y-­‐z	  plane	  weighted	  
mean	  lifetime	  map	  (c)	  of	  CVD	  diamond	  sample	  0942708-­‐E1.	  The	  edge	  of	  the	  diamond	  is	  located	  
at	  the	  top	  of	  (a)	  and	  at	  the	  right	  hand	  side	  of	  (b)	  and	  (c).	  Image	  size:	  256	  x	  256	  pixels.	  Pixel	  size	  =	  
119nm.	   Pixel	   dwell	   time	   	   =	   50	   µs	  with	   images	   accumulated	   for	   600	   seconds.	   The	   sample	  was	  
excited	  using	  575	  nm	  excitation	  light	  and	  emission	  was	  detected	  in	  the	  band	  672	  –	  712	  nm.	  ...	  145	  
Figure	  97	  -­‐	  Chi-­‐squared	  map	  (left)	  and	  histogram	  (right)	  associated	  with	  the	  fitted	  lifetime	  data	  of	  Figure	  96	  (c).
	  .....................................................................................................................................................	  146	  
Figure	  98	  -­‐	  Weighted	  mean	  lifetime	  (a),	  scatter	  component	  map	  (b)	  and	  chi-­‐squared	  map	  (c)	  generated	  using	  
global	  fitting.	  ................................................................................................................................	  146	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Figure	  99	  -­‐	  Confocal	  x-­‐y	  plane	  (a)	  and	  confocal	  y-­‐z	  plane	  (b)	  intensity	  maps	  and	  associated	  y-­‐z	  plane	  weighted	  
mean	   lifetime	  map	   (c)	   of	   CVD	   diamond	   sample	   0527208-­‐C.	   Figure	   (a)	   -­‐	   image	   size:	   512	   x	   512	  
pixels.	  Pixel	  size	  =	  148	  nm.	  Pixel	  dwell	   time	   	  =	  25	  µs	  with	   images	  accumulated	  over	  50	  frames.	  
Figures	  (b)	  and	  (c)	  image	  size:	  256	  x	  256	  pixels.	  Pixel	  size	  =	  119	  nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  
images	  accumulated	  over	  600	  seconds	  The	  sample	  was	  excited	  using	  575	  nm	  excitation	  light	  and	  
emission	  was	  detected	  in	  the	  band	  672	  –	  712	  nm.	  ......................................................................	  147	  
Figure	  100	   -­‐	   data	   (blue	   circles),	   instrument	   response	   function	   (blue	  dashed	   line),	   fitted	  decay	   (red	   line)	   and	  
normalized	  residuals	  (blue	  line)	  associated	  with	  binned	  pixels	  in	  left-­‐hand	  region	  of	  Figure	  99	  (b).
	  .....................................................................................................................................................	  148	  
Figure	  101	   -­‐	   data	   (blue	   circles),	   instrument	   response	   function	   (blue	  dashed	   line),	   fitted	  decay	   (red	   line)	   and	  
normalized	  residuals	   (blue	   line)	  associated	  with	  binned	  pixels	   in	   right-­‐hand	  region	  of	  Figure	  20	  
(b)	  .................................................................................................................................................	  148	  
Figure	  102	  -­‐	  Chi-­‐squared	  map	  (left)	  and	  histogram	  (right)	  associated	  with	  the	  fitted	  lifetime	  data	  of	  Figure	  99	  
(c).	  ................................................................................................................................................	  149	  
Figure	   103	   -­‐	   Decay	   curves	   collected	   from	  bulk	   diamond	   excited	  with	   450	   nm	   light	   at	   emission	  wavelengths	  
spanning	  520nm	  to	  680nm	  ..........................................................................................................	  150	  
Figure	  104	   -­‐	  Weighted	  mean	   lifetimes	  of	  CVD	  diamond	  excited	  at	  485	  nm	  with	   spectrally	   resolved	  emission	  
over	  the	  range	  520	  –	  680	  nm	  .......................................................................................................	  151	  
Figure	  105	  -­‐	  (a)	  Transmission	  electron	  microscopy	  image	  of	  the	  core-­‐shell	  architecture	  NPs	  formed	  of	  a	  60	  nm	  
radius	   silica	   core	   doped	  with	   ATTO647N	   dye	  molecules	   coated	  with	   a	   20	   nm	   thick	   gold	   shell.	  
Inset:	   illustration	  of	   a	   core–shell	  NP.	   (b)	   fluorescence	  emission	   spectrum	  of	   the	   core-­‐shell	  NPs	  
(red	  curve),	  corresponding	  to	  the	  typical	  emission	  of	  the	  ATTO	  647N	  dye.	  Scattering	  spectra	  of	  
five	   single	   NPs	   (grey	   curves)	   measured	   using	   dark	   field	   microspectroscopy	   [225].	   Reprinted	  
(adapted)	  with	  permission	  from	  [226].	  Copyright	  (2014)	  American	  Chemical	  Society.	  ...............	  156	  
Figure	  106	  –	   (a)	   fluorescence	   lifetime	  curve	  measured	   from	  a	   single	  NP,	   the	  dashed	  black	   line	   indicates	   the	  
decay	  of	  the	  ATTO647N	  dye,	  inset:	  filtered	  emission	  spectra	  obtained	  from	  core-­‐shell	  NPs	  in	  the	  
presence	  of	  excitation	  beam	  only	  (red)	  and	  depletion	  beam	  only	  (black),	  where	  the	  spectra	  have	  
been	  normalized	   to	  allow	  easy	   comparison.	   (b)	  Confocal	   image	  of	   core-­‐shell	  NP.	   (c)	  Raw	  STED	  
image	  of	  the	  same	  core-­‐shell	  NP	  shown	  in	  (b),	  acquired	  with	  a	  STED	  power	  density	  at	  the	  focal	  
plane	  of	  2.3	  MW.cm-­‐2.	  (d)	  Time-­‐gated	  STED	  image	  of	  the	  NP,	  including	  only	  photons	  that	  arrive	  
after	  the	  action	  of	  the	  depletion	  beam	  is	  finished.	  In	  (b),	  (c),	  and	  (d)	  the	  scale	  bars	  represent	  300	  
nm.	  (e)	  Plot	  of	  horizontal	  line	  profiles	  taken	  across	  through	  the	  centre	  of	  the	  NPs	  in	  the	  confocal	  
image	   (red	   curve)	   and	   time-­‐gated	   STED	   image	   (black	   curve)	   images.	   The	   line	   profiles	   are	  
normalized.	   Reprinted	   (adapted)	   with	   permission	   from	   [226].	   Copyright	   (2014)	   American	  
Chemical	  Society.	  .........................................................................................................................	  158	  
Figure	   107	   -­‐	   Background	   luminescence	   (black	   dots)	   generated	   by	   depletion	   beam	   alone	   as	   a	   function	   of	  
incident	  laser	  power	  (µW)	  and	  associated	  power	  law	  fit	  to	  the	  form	  f x = Ax!	   (red	  line),	  with	  
the	  fit	  returning	  the	  value	  B =   1.992   ± 0.28.	  ...........................................................................	  159	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Figure	  108	  –	  Percentage	  resolution	  improvement	  obtained	  using	  core–shell	  NPs	  (black	  dotted	  circles)	  and	  bare	  
cores	  (blue	  disks),	  as	  a	  function	  of	  STED	  depletion	  power	  density.	  Least-­‐squares	  fits	  to	  the	  core-­‐
shell	  data	  (green	  dashed	  line)	  and	  the	  bare-­‐cores	  data	  (red	  dashed	  line)	  as	  described	  in	  the	  text.	  
Reprinted	   (adapted)	  with	  permission	   from	   [226].	   Copyright	   (2014)	  American	  Chemical	   Society.
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Figure	   109	   -­‐	   Schematic	   of	   beam	   scanning	   3D-­‐STED	   system.	   .	   GLP	   -­‐	   glan	   laser	   polariser,	   OBJ	   -­‐	   100×,	   1.4NA	  
objective	   lens,	  QWP	   -­‐	   quarter-­‐wave	  plate,	  HWP	   -­‐	   half-­‐wave	  plate,	  MMF	   -­‐	   50	  µm	   core	   graded-­‐
index	  multimode	  fibre.	  DC1	  –	  750	  nm	  short-­‐pass	  dichroic,	  DC2	  –	  650	  long	  pass	  dichroic.	  .........	  164	  
Figure	  110	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐y	  plane	  of	  glucagon	  labelled	  with	  STAR635	  (Aberrior)	  in	  
murine	  pancreatic	  cells.	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  
512	  pixels.	  Pixel	  size	  =	  21	  nm.	  Pixel	  dwell	  time	  	  =	  5	  µs	  with	  image	  accumulated	  over	  20	  frames.
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Figure	  111	  -­‐	  lateral	  line	  profile	  (black	  dots)	  taken	  from	  region	  indicated	  by	  the	  yellow	  arrows	  in	  Figure	  110	  (b)	  
with	  Lorentzian	  fit	  (red	  line)	  demonstrating	  lateral	  STED	  PSF	  FWHM	  of	  70	  nm.	  The	  line	  profile	  of	  
the	  corresponding	  region	  in	  the	  confocal	  image	  in	  Figure	  110	  (a)	  is	  also	  shown	  (blue	  line).	  ......	  167	  
Figure	   112-­‐	   (a)	   confocal	   and	   (b)	   STED	   images	   in	   the	   x-­‐y	   plane	   of	   ZnT8	   labelled	   with	   ATTO647	   (AttoTec)	   in	  
murine	  pancreatic	  cells.	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  
512	  pixels.	  Pixel	  size:	  30	  nm	  interpolated	  to	  20	  nm	  in	  ImageJ.	  Pixel	  dwell	  time	  	  =	  5	  µs	  with	  image	  
accumulated	  over	  40	  frames.	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Figure	  113	  -­‐	   (a)	  confocal	  and	  (b)	  STED	  images	   in	  the	  x-­‐z	  plane	  of	  the	  HTP-­‐1	  protein	   in	  a	  C.	  Elegans	  germ	  line	  
labelled	  with	  STAR635	  (Aberrior).	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  
size:	  128	  x	  128	  pixels.	  Pixel	  size	  =	  59	  nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  image	  accumulated	  over	  
20	  frames.	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Figure	  114	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐y	  plane	  of	  the	  NV-­‐	  centres	   in	  bulk	  diamond.	  Excited	  at	  
575	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  512	  pixels.	  Pixel	  size	  =	  18	  nm.	  Pixel	  
dwell	  time	  	  =	  50	  µs	  with	  image	  accumulated	  over	  400	  frames.	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Figure	  115	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	   in	  the	  x-­‐z	  plane	  of	  the	  NV-­‐	  centres	   in	  bulk	  diamond.	  Excited	  at	  
575	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  128	  x	  128	  pixels.	  Pixel	  size	  =	  30	  nm.	  Pixel	  
dwell	  time	  	  =	  250	  µs	  with	  image	  accumulated	  over	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  frames.	  ..................................................	  169	  
Figure	   116	   -­‐	   Block	   diagram	   of	   3D-­‐STED	   for	   GFP	   setup.	   PBS	   –	   polarising	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   splitter,	   SLM	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  -­‐	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   –	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   491	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   488/561	   nm	   reflecting	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  DAQ	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  data	  acquisition	  card,	  PMT	  –	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Figure	  117	   -­‐	   Excitation	   (blue)	  and	  emission	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   spectra	  of	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Chapter	  1. Thesis	  overview	  
This	   thesis	   describes	   the	   development	   and	   application	   of	   a	   flexible	   3D-­‐STED	   microscope	  
incorporating	   femtosecond	   laser	   technology,	   supercontinuum	   generation,	   fluorescence	   lifetime	  
imaging	   (FLIM),	   adaptive	   optics	   and	   a	   novel	   optical	   configuration	   for	   robust	   generation	   of	   a	   3D	  
depletion	  point	   spread	   function.	  The	   instrument	  was	   specifically	  optimised	   for	   the	   study	  of	   colour	  
centres	  in	  chemical	  vapour	  deposition	  (CVD)	  diamond.	  	  
In	   recent	   years	   STED	   microscopy	   has	   become	   an	   increasingly	   widely	   used	   tool,	   particularly	   for	  
biological	  research,	  and	  there	  has	  been	  significant	  development	  of	  the	  instrumentation	  to	  maximise	  
the	   achievable	   resolution,	   simplify	   the	   implementation	   and	   enhance	   the	   functionality	   e.g.	   by	  
incorporating	   multi-­‐label	   imaging,	   3D	   imaging	   and	   adaptive	   optics.	   While	   the	   introduction	   of	  
commercially	   available	   STED	  microscopes	   provided	   important	   generally	   applicable	   tools,	   this	   was	  
limited	  to	  2D-­‐STED	  with	  no	  adaptive	  optics	  capability	  to	  correct	  aberrations	  at	  the	  start	  of	  this	  PhD	  
thesis	  work.	  Novel	  implementations	  of	  STED	  microscopy	  have	  continued	  to	  be	  developed	  for	  specific	  
applications	  and	  the	  microscope	  described	   in	   this	   thesis	  was	  originally	  developed	  to	  enable	  super-­‐
resolved	   study	   of	   the	   immune	   synapse	   between	   cell	   conjugates.	   This	   is	   challenging	   because	   the	  
immune	   synapse	   is	   typically	   orientated	   in	   a	   plane	  perpendicular	   to	   the	  microscope	   slide	   and	   thus	  
requires	   super-­‐resolution	   to	  be	  achieved	  along	   the	  optical	  axis	  as	  well	  as	   in	   the	  x-­‐y	  plane.	  Further	  
challenges	   are	   presented	   by	   optical	   aberrations	   that	   compromise	   the	   ability	   to	   maintain	   the	  
resolution	  throughout	  the	  whole	  depth	  of	  the	  sample.	  Similar	  considerations	  apply	  to	  super-­‐resolved	  
3D	  luminescence	  imaging	  of	  diamond,	  for	  which	  the	  high	  refractive	  index	  (n	  =	  2.42)	  leads	  to	  severe	  
spherical	  aberration.	  In	  collaboration	  with	  De	  Beers	  DTC,	  UK,	  who	  sponsored	  my	  EPSRC	  CASE	  award,	  
I	   worked	   to	   develop	   and	   optimise	   the	   STED-­‐FLIM	   microscope	   for	   imaging	   nitrogen	   defects	   in	  
diamond.	   This	   is	   intended	   for	   the	   characterisation	   of	   synthetic	   diamond,	   e.g.	   with	   a	   view	   to	  
understanding	  and	   improving	   the	  growth	  of	  CVD	  diamond,	  and	  also	   for	  understanding	  differences	  
between	  natural	  and	  synthetic	  diamonds.	  
Diamond	  already	  has	  many	  industrial	  applications,	  including	  for	  cutting	  tools,	  abrasive	  powders	  and	  
laser	   windows	   and	   there	   are	   many	   more	   potential	   applications	   under	   development.	   Such	  
applications	  generally	  require	  a	  high	  degree	  of	  control	  over	  the	  properties	  of	  the	  diamond	  that	  can	  
be	   provided	   by	   specifically	   tailoring	   the	   growth	   environment	   of	   synthetic	   diamonds	   to	   meet	   the	  
requirements	  of	  the	  application.	  For	  example,	  some	  applications	  require	  very	  low	  density	  of	  defects	  
that	   are	   responsible	   for	   optical	   absorption	   or	   birefringence	   e.g.	   diamond	   based	   Raman	   lasers	   [1],	  
while	   others	   may	   necessitate	   the	   intentional	   doping	   of	   the	   diamond	   with	   specific	   defects	   e.g.	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diamond	   based	   LEDs	   [2].	   	   In	   some	   cases	   it	   may	   be	   desirable	   for	   defects	   to	   be	   grown	   into	   the	  
diamond	  lattice	  with	  specific	  orientations	  [3].	  As	  synthetic	  diamond	  growth	  processes	  are	  developed	  
to	  meet	  an	  ever	  growing	  list	  of	  stringent	  requirements,	  methods	  of	  characterising	  the	  material	  that	  
is	  produced	  must	  also	  be	  developed.	  There	  is	  a	  broad	  range	  of	  spectroscopic	  and	  imaging	  methods	  
used	   to	   elucidate	   information	   about	   the	   origin,	   history	   and	   properties	   of	   diamonds.	   These	   are	   of	  
particular	  importance	  for	  the	  gemstone	  market,	  where	  there	  is	  the	  potential	  for	  synthetic	  diamond	  
to	  be	  presented	  as	  natural	  diamond	  or	  for	  natural	  diamonds	  to	  have	  been	  treated,	  e.g.	  by	  annealing,	  
to	   improve	   their	   colour.	   As	   the	   quality	   of	   synthetic	   diamonds	   improves	   and	   as	   the	   industrial	  
applications	  are	  further	  developed,	  the	  need	  for	  techniques	  to	  monitor	  their	  quality	  and	  study	  their	  
properties	   also	   grows.	   Fluorescence	   intensity	   imaging	   of	   diamond	   is	   already	   used	   to	   inspect	  
gemstones	  and	  fluorescence	  spectroscopy	  is	  widely	  employed	  to	  probe	  photophysical	  properties	  of	  
diamond.	  Fluorescence	  lifetime	  imaging	  is	  of	  increasing	  interest	  to	  provide	  further	  information,	  e.g.	  
to	   study	   luminescent	   defects	   that	   could	   have	   their	   emission	   affected	   by	   the	   close	   proximity	   of	  
quenching	   defects	   [4,	   5]	   and	   to	   distinguish	   different	   fluorescent	   species	   with	   similar	   emission	  
spectra.	   Imaging	   diamond	   luminescence	   presents	   challenges,	   however,	   not	   only	   due	   to	   the	   high	  
refractive	  index	  but	  also	  due	  to	  the	  relatively	  low	  brightness	  of	  fluorescent	  defects.	  Furthermore,	  in	  
diamond,	   where	   the	   carbon-­‐carbon	   bond	   length	   is	   0.15	   nm,	   defects	   can	   be	   present	   at	  
concentrations	  too	  high	  for	  them	  to	  be	  individually	  resolved	  by	  conventional	  microscopy	  techniques,	  
where	   the	   resolution	   is	   limited	   by	   diffraction.	   Super-­‐resolved	   imaging	   methods	   such	   as	   STED	  
microscopy	  are	  therefore	   interesting	  for	  the	  characterisation	  of	  diamond	  and	  the	  extension	  to	  3D-­‐
STED	  with	  adaptive	  optics	  capabilities	  is	  important	  to	  enable	  high	  resolution	  imaging	  throughout	  the	  
extended	  depth	  of	  the	  diamond.	  	  
1.1 Outline	  of	  Thesis	  
Chapter	  2	   introduces	   the	  basic	  principles	  of	   fluorescence	  and	   its	  measurable	  properties.	  A	  general	  
overview	   of	   fluorophores	   is	   given	   including	   endogenous	   fluorophores,	   fluorescent	   proteins	   and	  
fluorescent	  dyes.	  Optical	  microscopy	  is	  discussed	  and	  several	  forms	  of	  microscopy	  that	  offer	  imaging	  
with	  spatial	  resolution	  below	  the	  diffraction	  limit	  are	  described.	  The	  chapter	  concludes	  with	  a	  review	  
of	  fluorescence	  microscopy	  techniques	  that	  have	  theoretically	  unlimited	  resolution.	  
The	   design	   and	   construction	   of	   a	   3D-­‐STED	   microscope	   is	   presented	   in	   Chapter	   3.	   This	   design	  
represents	   the	   most	   robust	   and	   convenient	   solution	   for	   3D-­‐STED	   microscopy	   to	   date	   with	   the	  
incorporation	  of	   fluorescence	   lifetime	   imaging	   and	  adaptive	  optics	   further	   increasing	   the	   range	  of	  
potential	  applications	  of	  this	  instrument.	  STED	  imaging	  of	  fluorescent	  nanoparticles	  is	  demonstrated,	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characterising	   the	   performance	   of	   the	  microscope,	   and	   application	   of	   this	   instrument	   to	   the	   first	  
reported	  super-­‐resolution	  imaging	  of	  the	  immune	  synapse	  is	  described.	  
	  Chapter	  4	  concerns	  the	  application	  of	  adaptive	  optics	  to	  STED	  microscopy.	  This	  chapter	  outlines	  the	  
basic	  principles	  of	  aberration	  correction	  in	  a	  microscopy	  context	  and	  introduces	  Zernike	  polynomials,	  
which	  were	  used	  to	  describe	  and	  correct	  aberrations	  during	  this	  PhD	  for	  the	  STED	  systems	  detailed	  
in	  Chapter	  3	  and	  Chapter	  7.	  The	  specific	  effects	  of	  low	  order	  Zernike	  mode	  aberrations	  on	  the	  point	  
spread	  functions	  used	  for	  STED	  microscopy	  are	  modelled	  and	  described	  in	  detail	  with	  an	  emphasis	  
on	   the	  point	   spread	   functions	  used	   for	   depletion.	   The	   susceptibility	   of	   the	  depletion	  point	   spread	  
functions	   to	   certain	   aberration	   modes	   is	   highlighted	   along	   with	   their	   significant	   impact	   on	   the	  
performance	   of	   a	   STED	   microscope.	   The	   concept	   of	   predictive	   aberration	   correction	   for	   STED	  
microscopy	   based	   on	   the	   spherical	   aberration	   experienced	   when	   focusing	   through	   a	   planar	  
refractive	   index	  mismatch	   is	   described.	   This	   aberration	   compensation	  method	  was	  developed	  and	  
applied	  as	  part	  of	   this	   PhD	  project.	   Theoretical	  modelling	   is	   presented	   to	   illustrate	   the	  effect	  of	   a	  
planar	   refractive	   index	   mismatch	   on	   the	   excitation	   point	   spread	   function	   and	   the	   point	   spread	  
function	  used	  for	  axial	  depletion	  in	  a	  STED	  microscope.	  STED	  images	  are	  presented	  that	  demonstrate	  
the	  successful	  application	  of	  this	  predictive	  correction	  method	  to	  the	  depletion	  PSF	  in	  a	  glycerol	  test	  
sample	  and	  a	  CVD	  diamond	  sample,	  where	  complex	  focal	  shifts	  were	  automatically	  accounted	  for	  to	  
maintain	  spatial	  overlap	  between	  the	  excitation	  and	  depletion	  PSFs.	  
Chapter	  5	  provides	  a	  review	  of	  diamond	  with	  discussions	  of	  its	  material	  properties	  and	  the	  methods	  
by	   which	   it	   is	   industrially	   synthesised.	   The	   roles	   of	   lattice	   defects	   on	   the	   optical	   properties	   of	  
diamond	  are	  reviewed	  in	  detail	  with	  in-­‐depth	  discussions	  of	  the	  negatively	  charged	  nitrogen	  vacancy	  
centre	  (NV-­‐)	  and	  the	  negatively	  charged	  silicon	  vacancy	  (SiV)	  given,	  motivated	  by	  their	  prevalence	  in	  
CVD	  diamond	  and	  their	  wide-­‐ranging	  potential	  applications.	  This	  chapter	  also	  presents	  confocal	  and	  
STED	   imaging	  of	  NV-­‐	  centres	   in	  CVD	  diamond	  that	  was	  performed	  using	   the	   instrumentation	   that	   I	  
developed	  during	  the	  course	  of	  my	  PhD,	   illustrating	  the	  potential	  of	  STED	  microscopy	  as	  a	  tool	   for	  
the	  characterisation	  of	  sub-­‐wavelength	  sized	  structures	  in	  diamond.	  The	  application	  of	  fluorescence	  
lifetime	   imaging	   to	   CVD	   diamond	   is	   presented,	   also	   using	   the	   instrumentation	   that	   I	   developed	  
during	   this	   PhD.	   Striking	   lifetime	   contrast	   is	   observed,	   demonstrating	   that	   fluorescence	   lifetime	  
imaging	   can	   provide	   information	   that	   complements	   standard	   intensity	   based	   measurements	   and	  
could	  be	  used	  e.g.	  to	  indicate	  the	  presence	  of	  quenching	  defects.	  Also	  explored	  in	  this	  chapter	  is	  the	  
use	   of	   a	   multidimensional	   spectrofluorometer	   to	   collect	   multispectral	   fluorescence	   lifetime	   data	  
from	  the	  bulk	  of	  diamond	  samples.	  With	  this	  instrument	  it	  was	  shown	  that	  two	  distinct	  defects	  could	  
be	  spectrally	  separated	  while	  simultaneously	  measuring	  their	  lifetimes.	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Chapter	   6	   describes	   the	  underlying	  principles	   of	   nanoparticle	   assisted	   STED	  microscopy	   (NP-­‐STED)	  
and	  presents	  details	  of	  experiments	  carried	  out	  during	  the	  course	  of	  this	  PhD	  that	  provided	  the	  first	  
reported	  demonstration	  of	  the	  application	  of	  plasmonic	  field	  enhancement	  to	  STED	  microscopy.	  The	  
presented	   results	   show	   that	   plasmonic	   field	   enhancement	  was	   able	   to	   reduce	   the	   depletion	   laser	  
power	  requirements	  of	  STED	  microscopy	  by	  a	  factor	  of	  approximately	  four.	  
Chapter	   7	   concerns	   further	   development	   of	   the	   3D-­‐STED	   instrumentation	   that	   was	   undertaken	  
during	  this	  PhD	  project.	  This	  includes	  conversion	  of	  the	  3D-­‐STED	  system	  described	  in	  Chapter	  3	  from	  
a	  stage	  scanning	  setup	  to	  a	  beam	  scanning	  setup	  and	  the	  design	  and	  construction	  of	  a	  new	  3D-­‐STED	  
system	  operating	  with	  excitation	  and	  depletion	  wavelengths	  suitable	  for	  STED	  of	  green	  fluorescent	  
protein.	   The	   motivations	   for	   these	   activities	   are	   discussed	   and	   aspects	   of	   the	   design	   and	  
implementations	  of	  these	  systems	  are	  described	  along	  with	  experimental	  results.	  
Chapter	  8	  summarizes	  the	  developments	  and	  results	  that	  are	  detailed	  in	  this	  thesis.	  The	  outlooks	  of	  
the	   imaging	   and	   spectroscopic	   techniques	   described	   here	   for	   the	   study	   of	   bulk	   diamond	   are	  
discussed	  and	  potential	  avenues	  for	  future	  research	  are	  outlined.	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Chapter	  2. Fluorescence	  Microscopy	  &	  Super-­‐Resolution	  
In	  recent	  decades	  fluorescence	  microscopy	  has	  grown	  to	  become	  a	  ubiquitous	  tool	  for	  the	  study	  of	  
biological	  systems.	  The	  specificity	  offered	  by	  fluorescence	   is	  a	  key	  advantage,	  allowing	  researchers	  
to	  visualize	  specific	  structures	  in	  a	  targeted	  manner	  within	  crowded,	  complex	  environments	  such	  as	  
cells.	   Fluorescence	  microscopy	   has	   been	   developed	   over	   the	   years	   and	   now	   encompasses	   a	  wide	  
range	   of	   distinct	   techniques	   that	   take	   advantage	   of	   the	   numerous	   measureable	   parameters	   of	  
fluorescence.	  Within	  the	  past	  decade,	  a	  number	  of	  fluorescence	  microscopy	  methods	  have	  emerged	  
which	   circumvent	   the	   diffraction	   limit,	   thus	   offering	   imaging	   of	   structure	   and	   dynamics	   at	   the	  
nanometre	  scale.	  
This	  chapter	   introduces	  the	  basic	  principles	  of	  fluorescence,	  reviews	   its	  measurable	  properties	  and	  
gives	  a	  general	  overview	  of	  types	  of	  fluorophores.	  Optical	  microscopy	  is	  discussed,	  with	  an	  emphasis	  
on	   contrast	   and	   spatial	   resolution.	   Several	   forms	   of	   microscopy	   that	   offer	   imaging	   with	   spatial	  
resolution	   below	   the	   diffraction	   limit	   are	   described	   and	   the	   chapter	   concludes	   with	   a	   review	   of	  
fluorescence	  microscopy	   techniques	   that	   have	   theoretically	   unlimited	   resolution.	   The	   structure	   of	  
the	  chapter	  is	  as	  follows	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2.1 Introduction	  to	  Fluorescence	  
Fluorescence	   was	   first	   reported	   in	   1845	   by	   Herschel	   who	   observed	   that	   a	   solution	   of	   quinine	  
exhibited	  “a	  vivid	  blue	  colour	  under	  certain	  incidences	  of	  light”	  [1].	  Fluorescence	  is	  described	  as	  the	  
process	   of	   a	   molecule	   absorbing	   an	   incident	   photon	   of	   light	   that	   excites	   the	   molecule	   from	   its	  
ground	  state	  into	  an	  excited	  state	  and,	  after	  a	  certain	  time	  period,	  its	  de-­‐excitation	  by	  emission	  of	  a	  
second	  photon.	  
The	  process	  of	  fluorescence	  can	  be	  conveniently	  represented	  by	  the	  Jablonksi	  diagram,	  a	  simplified	  
version	  of	  which	  is	  shown	  below	  in	  Figure	  1.	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Figure	  1	  -­‐	  Simplified	  Jablonski	  diagram	  showing	  absorption	  (green	  arrows)	  and	  emission	  (orange	  arrows)	  of	  photons	  
between	  the	  ground	  state	  S0	  and	  first	  excited	  state	  S1.	  
The	   Jablonski	   diagram	   illustrates	   the	   possible	   energy	   states	   of	   a	   molecule.	   Here,	   𝑆! 	   denotes	   the	  
electronic	  ground	  state	  and	  𝑆!	  denotes	   the	   first	  electronic	  excited	   singlet	   state.	  Also	   shown	   is	   the	  
division	  of	  the	  𝑆! 	  and	  𝑆!	  states	  into	  further	  vibrational	  sub-­‐states	  resulting	  in	  a	  continuum	  of	  energy	  
levels.	   Additional	   rotational	   levels	   are	   possible	   but	   are	   not	   shown	   here	   for	   the	   sake	   of	   clarity.	  
Boltzmann	  statistics	  dictates	  that,	  at	  normal	  (room)	  temperature	  and	  pressure,	  almost	  all	  molecules	  
will	   be	   found	   in	   the	   ground	   state.	   The	   first	   step	   in	   the	   process	   of	   fluorescence	   proceeds	   by	   the	  
absorption	  of	  an	   incident	  photon	  of	  energy	  hv1	   by	   the	  molecule	   resulting	   in	   the	  promotion	  of	   the	  
molecule	  from	  its	  ground	  state	  S0	  to	  its	  upper	  energy	  state	  S1.	  To	  be	  able	  to	  induce	  this	  transition	  the	  
incident	   photon	  must	   be	   of	   sufficient	   energy	   to	   overcome	   the	   energy	   gap	   between	   the	   S0	   and	   S1	  
states,	  i.e.	   ℎ𝑣! ≥ Δ𝐸!!→!! 	   (1)	  
Where	  ℎ𝑣!is	  the	  energy	  of	  the	  incident	  photon	  (𝐸 = ℎ𝑣 = ℎ𝑐/𝜆,	  where	  𝜆	  denotes	  wavelength,	  𝑐	  is	  
the	  speed	  of	  light	  and	  ℎ	  is	  Planck’s	  constant)	  and	  Δ𝐸!!→!! 	  is	  the	  energy	  gap	  between	  S0	  and	  S1.	  
Excess	   energy	   (ℎ𝑣! −   Δ𝐸!!→!!)	   serves	   to	   promote	   the	   molecule	   into	   the	   higher	   vibrational	  
(rotational)	  energy	  levels	  of	  𝑆! 	   thus	  allowing	  excitation	  of	  the	  molecule	  over	  a	  continuous	  range	  of	  
wavelengths	  known	  as	  the	  absorption	  spectrum.	  
28	  
	  
The	   molecule	   then	   dissipates	   its	   excess	   vibrational	   and/or	   rotational	   energy	   by	   transfer	   to	   the	  
surrounding	  environment	  (e.g.	  water	  molecules	  or	  crystal	  lattice)	  until	  it	  reaches	  the	  lowest	  energy	  
level	  in	  the	  excited	  state	  𝑆!.	  This	  process	  is	  referred	  to	  as	  internal	  conversion	  and	  occurs	  over	  a	  time	  
scale	  of	  a	  few	  picoseconds.	  From	  here	  the	  molecule	  then	  relinquishes	  its	  remaining	  energy	  through	  
emission	  of	   a	  photon	  with	  energy	  ℎ𝑣!	   (spontaneous	   radiative	  decay)	  or	   through	   some	  other	  non-­‐
radiative	   mechanism	   (non-­‐radiative	   decay).	   Non-­‐radiative	   decay	   can	   occur	   via	   various	   quenching	  
mechanisms	  that	  allow	  the	  molecule	  to	  release	  its	  excess	  energy	  in	  some	  form	  other	  than	  a	  photon	  
e.g.	  collisions	  with	  surrounding	  molecules.	  Within	  the	  molecule,	  an	  electron	  may	  also	  undergo	  a	  spin	  
flip	   (from	   spin	   -­‐1/2	   to	   +1/2	   or	   vice	   versa)	   leading	   to	   population	   of	   an	   excited	   triplet	   state.	   This	  
process	   is	   known	   as	   intersystem	   crossing.	   Radiative	   transfer	   from	   an	   excited	   triplet	   state	   to	   the	  
ground	  state	  is	  referred	  to	  as	  phosphorescence	  and	  is	  typically	  a	  very	  slow	  process	  compared	  with	  
fluorescence.	  The	  slow	  rate	  of	  phosphorescence	  stems	  from	  the	  fact	  that	  it	  requires	  an	  electron	  to	  
undergo	  a	  spin	  flip,	  which	  is	  an	  extremely	  unlikely	  event.	  Phosphorescence	  occurs	  on	  a	  timescale	  of	  
seconds	  to	  microseconds	  while	  fluorescence	  generally	  occurs	  on	  a	  timescale	  of	  a	  few	  nanoseconds.	  
It	   is	   possible	   for	   the	   exciting	   photon	   to	   excite	   the	  molecule	   to	   an	   electronic	   state	   higher	   than	   S1.	  
However,	  fluorescence	  typically	  only	  occurs	  with	  significant	  yield	  from	  the	  lowest	  excited	  state.	  This	  
is	   known	  as	  Kasha’s	   rule	   [2]	   and	   can	  be	  understood	  by	   considering	   the	   Franck-­‐Condon	   factors	   for	  
vibronic	   transitions.	   The	   Franck-­‐Condon	   factors	   describe	   the	   degree	   of	   overlap	   of	   vibrational	  
wavefunctions	   of	   quantum	   states	   with	   differing	   electronic	   and	   vibrational	   quantum	   number.	   A	  
higher	  degree	  of	  overlap	  results	  in	  a	  faster	  rate	  of	  decay	  from	  the	  higher	  to	  the	  lower	  energy	  level.	  
Higher	  excited	  states	  tend	  to	  have	  close	  separation	  in	  energy	  and	  thus	  a	  high	  overlap	  between	  their	  
wavefunctions.	  This	  results	  in	  decay	  of	  molecules	  to	  the	  lowest	  excited	  state	  with	  a	  much	  higher	  rate	  
than	  that	  of	  fluorescence.	  
Since	  the	  molecule	  releases	  energy	  by	   internal	  conversion,	  the	  wavelength	  of	  a	  photon	  emitted	  by	  
spontaneous	  decay	   is	   red-­‐shifted	   in	  wavelength	  with	   respect	   the	  exciting	  photon.	  The	  wavelength	  
difference	  between	  the	  excitation	  wavelength	  and	  the	  emission	  wavelength	  is	  known	  as	  the	  Stokes	  
shift	  [3].	  
ℎ𝑣! >   ℎ𝑣!	   (2)	  
In	  a	  similar	  fashion	  to	  excitation,	  the	  relaxation	  of	  the	  molecule	  from	  S1	  to	  S0	  can	  occur	  into	  any	  of	  
the	   vibrational/rotational	   energy	   levels	   of	   the	   ground	   state,	   thus	   resulting	   in	   a	   range	   of	   emission	  
wavelengths	  that	  is	  referred	  to	  as	  the	  emission	  spectrum.	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2.1.1 Measureable	  Properties	  of	  Fluorescence	  
2.1.1.1 Quantum	  yield	  and	  absorption	  coefficient	  
Intensity	   is	   the	  most	   widely	   investigated	   property	   of	   fluorescence	   and	   is	   dependent	   on	   both	   the	  
quantum	  yield	  and	  the	  absorption	  coefficient	  of	  the	  fluorophores	  under	  study.	  Quantum	  yield,	  𝜂,	  is	  a	  
measure	  of	  the	  efficiency	  of	  the	  fluorescence	  process.	  Mathematically,	  it	  is	  described	  as	  the	  ratio	  of	  
the	  number	  of	  photons	  emitted	  (𝑁!)	  by	  fluorescence	  to	  the	  number	  of	  photons	  absorbed	  (𝑁!)	  and	  
may	  also	  be	  expressed	  as	  the	  ratio	  of	  the	  radiative	  decay	  rate	  to	  the	  total	  decay	  rate.	  
𝜂 = 𝑁!𝑁! = k!k! + k!"	   	   	  (3)	  
Where	  k!	  is	  the	  radiative	  decay	  rate	  and	  k!"	  is	  the	  non-­‐radiative	  decay	  rate.	  
The	  absorption	  coefficient	   is	  a	  measure	  of	  the	  number	  of	  photons	  that	  are	  absorbed	  by	  a	  material	  
compared	  with	   the	   total	   number	   of	   photons	   that	   are	   incident	   on	   it.	   Its	   value	   is	   derived	   from	   the	  
Beer-­‐Lambert	   law,	  which	  describes	   the	  drop	   in	   intensity	  of	   light	  as	   it	  passes	   through	  an	  absorbing	  
material	  [4].	   𝐼 = 𝐼! exp −𝜖𝑏𝑐 	   	   	  (4)	  
Where	  𝐼!	  is	  the	  initial	  light	  intensity,	  𝜖	  is	  the	  molar	  absorption	  coefficient	  (in	  units	  of	  Mol-­‐1cm-­‐1),	  𝑏	  	  is	  
the	  distance	  travelled	  in	  the	  material	  and	  𝑐	  is	  the	  concentration	  of	  the	  absorbing	  atoms/molecules.	  
The	  brightness	  of	  a	  fluorescent	  species	  is	  then	  defined	  as	  the	  product	  of	  the	  quantum	  yield	  and	  the	  
molar	  absorption	  coefficient.	  	  
Since	   the	   radiative	   and	   non-­‐radiative	   decay	   rates	   (and	   hence	   quantum	   yield)	   are	   sensitive	   to	   the	  
local	  environment	  of	  the	  fluorophore,	  measurements	  of	  the	  quantum	  yield	  can	  be	  used	  to	  directly	  
probe	   the	   local	  molecular	  environment.	   The	  quantum	  yield	   is	   typically	  obtained	  by	  measuring	   the	  
fluorescence	   intensity	   of	   a	   sample	   and	   comparing	   it	   to	   that	   of	   a	   calibration	   sample	   of	   known	  
quantum	   yield.	   However,	  measurements	   such	   as	   these	   are	   sensitive	   to	  many	   system	   and	   sample	  
parameters	  including	  the	  intensity	  of	  the	  incident	  excitation	  light,	  optical	  transmission	  properties	  of	  
system	  components,	  quantum	  efficiency	  of	  detectors,	   fluorophore	   concentration,	   re-­‐absorption	  of	  
the	   emitted	   fluorescence	   and	   varying	   scattering	   and	   absorption	   properties	   of	   samples.	   For	   this	  
reason,	   fluorescence	   intensity	   measurements	   are	   often	   combined	   with	   measurements	   of	   other	  
fluorescence	  parameters	  in	  order	  to	  place	  the	  data	  in	  context.	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2.1.1.2 Absorption	  and	  emission	  spectra	  
The	   absorption	   and	   emission	   spectra	   have	   been	  mentioned	   previously	   and	   describe	   the	   range	   of	  
wavelengths	   over	   which	   a	   fluorescent	   species	   can	   absorb	   and	   emit	   photons	   respectively.	   The	  
absorption	  spectrum	  can	  be	  thought	  of	  as	  the	  probability	  distribution	  for	  transitions	  of	  a	  molecule	  
between	   the	   bottom	   of	   the	   ground	   state	   and	   all	   of	   the	   vibrational/rotational	   sub-­‐levels	   of	   the	  
excited	   states.	   The	   emission	   spectrum,	   on	   the	   other	   hand,	   can	   be	   thought	   of	   as	   the	   probability	  
distribution	  for	  transitions	  of	  a	  molecule	  between	  the	  bottom	  of	  the	  first	  excited	  state	  and	  all	  of	  the	  
vibrational/rotational	  sub-­‐levels	  of	  the	  ground	  state.	  Since	  emission	  only	  occurs	  with	  significant	  yield	  
from	   the	   lowest	   level	   of	   the	   first	   excited	   state	   (Kasha’s	   rule),	   the	   emission	   spectrum	   (and	   hence	  
quantum	  efficiency)	   is	   independent	  of	   the	  wavelength	  of	   the	  excitation	  photons.	  This	   is	   known	  as	  
the	  Kasha-­‐Vavilov	  rule.	  The	  excitation	  and	  emission	  spectra	  of	  fluorescent	  species	  are	  often	  mirror	  
images	  of	  one	  another.	  This	  is	  a	  consequence	  of	  similar	  spacing	  of	  the	  vibrational/rotational	  energy	  
sublevels	  of	  the	  ground	  and	  excited	  states.	  	  The	  absorption	  and	  emission	  spectra	  of	  the	  organic	  dye	  
ATTO647N	  are	  shown	  in	  Figure	  2.	  
	  
Figure	  2	  -­‐	  Absorption	  and	  emission	  spectra	  of	  the	  ATTO647N	  synthetic	  dye	  (data	  taken	  from	  www.atto-­‐tec.com).	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The	   shapes	   of	   these	   curves	   are	   directly	   dependant	   on	   the	   probabilities	   of	   the	   different	   possible	  
transitions.	   The	   sharp	   drop-­‐off	   of	   the	   absorption	   at	   ~700	  nm	   is	   a	   consequence	  of	   the	   energy	   gap	  
between	  the	  ground	  and	  first	  excited	  state,	  as	  defined	  in	  equation	  (1).	  Transitions	  from	  the	  ground	  
state	   into	   the	   higher	   rotational	   and	   vibrational	   states	   of	   the	   excited	   state	   are	   less	   likely,	   thus	  
explaining	  the	  tail	  of	  the	  absorption	  spectrum	  at	  shorter	  wavelengths	  (higher	  energy).	  
The	   emission	   spectrum	   of	   a	   given	   fluorophore	   usually	   has	   a	   very	   similar	   mirrored	   shape	   to	   the	  
absorption	   spectrum	   as	   a	   result	   of	   similar	   vibrational/rotational	   energy	   level	   structures	   for	   the	  
ground	  and	  first	  excited	  states.	  
2.1.1.3 Fluorescence	  Lifetime	  
Fluorescence	  lifetime	  (𝜏)	  is	  defined	  as	  the	  average	  time	  that	  a	  molecule	  spends	  in	  the	  excited	  state	  
after	  an	  excitation	  photon	  has	  been	  absorbed	  before	  it	  releases	  a	  photon	  by	  fluorescence.	  It	  can	  be	  
described	  in	  terms	  of	  the	  radiative	  (𝑘!)	  and	  non-­‐radiative	  (𝑘!")	  decay	  rates.	  
𝜏 = 1𝑘! + 𝑘!" 	   	   	  (5)	  
In	  general,	  the	  non-­‐radiative	  decay	  rate	  is	  a	  combination	  of	  three	  separate	  decay	  paths.	  These	  decay	  
paths	   are	   internal	   conversion,	   intersystem	   crossing	   and	   the	   quenching	   action	   of	   neighbouring	  
atoms/molecules	  such	  that	  the	  total	  non-­‐radiative	  decay	  rate	  can	  be	  written	  as	  𝑘!" = 𝑘!" + 𝑘!"# + 𝑘![𝑞]	   	   	  (6)	  
Where	  𝑘!" 	  is	  the	  rate	  of	  internal	  conversion,	  𝑘!"# 	  is	  the	  rate	  of	  intersystem	  crossing,	  𝑘! 	  is	  the	  rate	  of	  
quenching	  and	  [𝑞]	  is	  the	  concentration	  of	  quenchers.	  
If	   we	   consider	   a	   population	   consisting	   of	   a	   number	   of	   emitters	   of	   the	   same	   species	   that	   is	   then	  
excited	   with	   an	   effectively	   instantaneous	   pulse	   of	   light,	   then	   the	   decay	   of	   the	   population	   of	   the	  
excited	  state	  decay	  rate	  is	  the	  sum	  of	  the	  radiative	  decay	  rate	  and	  the	  non-­‐radiative	  decay	  rate	  𝛿𝑛 𝑡𝛿𝑡 =   − 𝑘! + 𝑘!" 𝑛(𝑡)	   	   	  (7)	  
Where	   𝑛(𝑡)	   is	   the	   number	   of	   emitters	   in	   the	   excited	   state	   at	   time	   𝑡.	   The	   intensity	   𝐼(𝑡)	   of	  
fluorescence	  at	  any	  instant	  is	  proportional	  to	  the	  number	  of	  emitters	  in	  the	  excited	  state,	  leading	  to	  
𝐼 𝑡 = 𝐼! exp − 𝑡𝜏   	   	   	  (8)	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In	  practice,	  a	  sample	  under	  study	  may	  contain	  many	  fluorescent	  species,	  each	  with	  their	  own	  distinct	  
fluorescence	  lifetime.	  In	  this	  case	  the	  observed	  decay	  of	  fluorescence	  is	  a	  linear	  combination	  of	  the	  
decays	  of	  the	  individual	  fluorophores,	  i.e.	  
𝐼 𝑡 = 𝐼! 𝑎!exp − 𝑡𝜏!! 	   	   	  (9)	  
Where	  𝑎! 	  and	  𝜏! 	  represent	  the	  fractional	  contribution	  and	  fluorescence	  lifetimes	  of	  each	  individual	  
species.	  In	  real	  data	  sets,	  where	  multiple	  exponential	  decays	  are	  present,	  it	  is	  usually	  useful	  to	  report	  
the	  intensity	  weighted	  mean	  fluorescence	  lifetime,	  which	  is	  written	  as	  
𝜏!"#$ = 𝑎!𝜏!!!!!! 𝑎!𝜏!!!!! 	   	   (10)	  
2.1.1.4 Polarisation	  
If	  an	  ensemble	  of	  fluorescent	  emitters	   is	  excited	  with	   linearly	  polarised	  light	  then	  the	  fluorescence	  
emission	   will,	   in	   general,	   also	   be	   polarised.	   This	   is	   due	   to	   the	   nature	   of	   the	   electronic	   dipoles	  
involved	  in	  excitation	  and	  emission.	  Excitation	  is	  most	  efficient	  if	  the	  incoming	  polarisation	  is	  aligned	  
parallel	   to	   electronic	   dipole	   of	   the	   molecule.	   This	   has	   the	   consequence	   of	   unequal	   excitation	   of	  
emitters	  depending	  on	  their	  orientation,	  a	  phenomenon	  known	  as	  photoselectivity.	  	  
Polarisation	   can	   be	   used	   to	   probe	   the	   orientation	   of	   molecules	   and	   is	   used	   in	   fluorescence	  
anisotropy	  experiments.	  Fluorescence	  anisotropy	  is	  defined	  as	  the	  normalised	  ratio	  of	  fluorescence	  
emission	  that	  occurs	  with	  polarisation	  parallel	  to	  incoming	  linearly	  polarised	  excitation	  to	  that	  which	  
occurs	  with	  polarisation	  orthogonal	  to	  the	  incoming	  light.	  
2.1.2 Fluorophores	  
Fluorophores	   form	   the	   basis	   of	   fluorescence	  microscopy.	   They	   exist	   in	   a	   huge	   range	   of	   naturally	  
occurring	  endogenous	   fluorophores	   and	  artificially	   introduced	  exogenous	   fluorophores.	   In	   spite	  of	  
this	  wide	   range	  of	  existing	   fluorophores,	   their	  use	   in	   fluorescence	  microscopy	  has	  been	  practically	  
limited	  to	  those	  that	  exhibit	   fluorescence	   in	  the	  ultraviolet,	  visible	  and	  near-­‐infrared	  regions.	   In	  all	  
forms	  of	   fluorescence	  measurement	   the	   fluorophores	   can	   be	   viewed	   as	   being	   probes	   of	   the	   local	  
environment,	   potentially	   reporting	   parameters	   such	   spatial	   arrangement	   of	   structures,	   pH	   and	  
viscosity.	  This	  section	  will	  present	  a	  brief	  overview	  of	  these	  fluorophores	  and	  their	  uses.	  
2.1.2.1 Endogenous	  fluorophores	  
In	   biological	   samples	   there	   are	   a	   number	   of	   naturally	   fluorescent	   molecules,	   for	   example	   NADH,	  
collagen	  and	  tryptophan.	  Fluorescence	  from	  these	  molecules	  is	  referred	  to	  as	  autofluorescence	  and	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provides	  a	  convenient	  tool	  for	  the	  study	  of	  tissue	  structure	  and	  metabolic	  state	  without	  the	  need	  to	  
introduce	  exogenous	  molecules	  that	  may	  perturb	  the	  system	  under	  study	  [5].	  
2.1.2.2 Luminescent	  defects	  in	  diamond	  
Much	   of	   the	   work	   reported	   in	   this	   thesis	   involves	   the	   study	   of	   bulk	   diamond	   samples	   using	  
fluorescence	  microscopy.	  This	  is	  facilitated	  by	  the	  presence	  of	  naturally	  occurring	  fluorophores	  that	  
are	   incorporated	   into	   the	   diamond	   lattice	   during	   growth	   e.g.	   the	   nitrogen	   vacancy	   centre	   [6].	   A	  
detailed	  review	  is	  given	  in	  Chapter	  5.	  
2.1.2.3 Fluorescent	  dyes	  
It	   is	  common	  in	  fluorescence	   imaging	  to	   introduce	  exogenous	  fluorophores	  that	  selectively	  bind	  to	  
structures	  or	  proteins	  of	  interest	  within	  samples,	  thus	  providing	  specificity.	  
The	  use	  of	  fluorescent	  dye	  molecules	  has	  been	  widespread	  in	  biological	  and	  medical	   imaging	  since	  
the	  19th	   century.	  However,	   the	   invention	  of	   antibody	   labelling	   in	  1942	   revolutionised	   fluorescence	  
imaging	  by	  providing	  the	  means	  to	  bind	  dyes	  in	  a	  targeted	  fashion	  to	  specific	  proteins	  of	  interest	  [7],	  
[8].	  This	  form	  of	  labelling	  is	  known	  as	  immunolabelling	  and	  exists	  in	  two	  major	  forms	  today.	  The	  first	  
of	  these	  is	  known	  as	  primary	  (direct)	  antibody	  labelling	  and	  utilises	  dye	  molecules	  that	  are	  directly	  
conjugated	   to	  antibodies.	  These	  antibody	  conjugated	  dye	  molecules	  are	   then	   introduced	   to	  a	   cell,	  
whereupon	  they	  recognise	  and	  bind	  to	  their	  target	  antigens.	  The	  spatial	  distribution	  of	  the	  protein	  of	  
interest	   can	   then	   be	   visualised	   by	   acquisition	   of	   a	   fluorescence	   image	   of	   the	   cell.	   The	   second	  
immunolabelling	   technique	   is	   referred	  to	  as	  secondary	   (indirect)	  antibody	   labelling.	  This	   technique	  
involves	   the	  use	  of	   two	  antibodies.	   Labelling	  proceeds	  by	   introducing	   an	  antibody	   that	   recognises	  
the	  antigen	  of	  interest	  and	  binds	  to	  it,	  similarly	  to	  primary	  labelling.	  Then,	  a	  secondary	  antibody	  that	  
has	  been	  conjugated	  to	  a	  fluorescent	  dye	  is	  introduced	  to	  the	  cell.	  This	  second	  antibody	  recognises	  
the	  primary	  antibody	  and	  binds	  to	  it,	  thus	  labelling	  the	  protein	  of	   interest.	   If	   immunolabelling	  is	  to	  
be	   used	   then	   a	   decision	   must	   be	   made	   regarding	   the	   use	   of	   primary	   or	   secondary	   labelling.	   In	  
primary	  labelling,	  the	  antibody	  directly	  binds	  to	  the	  target	  protein,	  thus	  providing	  better	  specificity.	  
Primary	   labelling	   also	   requires	   fewer	   steps	   for	   sample	   preparation	   but	   requires	   that	   a	   suitable	  
fluorescently	  labelled	  primary	  antibody	  is	  available.	  On	  the	  other	  hand,	  when	  secondary	  labelling	  is	  
used,	  multiple	  labelled	  secondary	  antibodies	  can	  bind	  to	  the	  primary	  antibody	  resulting	  in	  a	  higher	  
fluorescence	  signal	  due	  to	  the	  higher	  number	  of	  fluorescent	  molecules	  present.	  The	  main	  drawback	  
of	  immunolabelling	  is	  that	  it	  can	  only	  be	  performed	  on	  fixed	  cells	  since	  the	  antibodies	  are	  too	  large	  
to	   pass	   through	   the	   cell	  membrane.	   The	   cell	  membrane	  must	   be	   permeated,	   usually	   by	   chemical	  
means.	   Other	   common	   issues	   include	   non-­‐specific	   binding	   of	   labels	   or	   completely	   unbound	  
fluorophore	  label,	  both	  of	  which	  contribute	  to	  background	  in	  fluorescence	  images.	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2.1.2.4 Fluorescent	  proteins	  
The	  discovery	  of	  a	  class	  of	  autofluorescent	  proteins	  that	  are	  genetically	  expressible	  in	  a	  wide	  range	  
of	  biological	   systems	  represented	  a	  key	  advancement	   towards	   the	  use	  of	   fluorescence	  microscopy	  
for	   the	   study	   of	   living	   systems.	   The	  most	   renowned	   and,	   indeed,	   the	   first	   of	   these	   to	   be	   widely	  
studied	  was	  Green	  Fluorescent	  Protein	  (GFP).	  GFP	  was	  discovered	  in	  the	  jellyfish	  Aequorea	  Victoria	  
before	  being	   isolated	  and	  cloned	   in	  1992	  [9]	  and	  demonstrated	  as	  a	  useful	   fluorescent	   label	   for	   in	  
vivo	  studies	  in	  1994	  [10].	  
Since	  this	  milestone,	  there	  has	  been	  a	  concerted	  effort	  to	  improve	  the	  fluorescent	  properties	  of	  GFP	  
and	  also	  to	  produce	  a	  range	  of	  mutants	  with	  shifted	  absorption	  and	  emission	  spectra.	  This	  has	  led	  to	  
the	   development	   of	   EGFP	   (enhanced	   green	   fluorescent	   protein),	   which	   demonstrates	   100	   times	  
brighter	   fluorescence	   and	   increased	   photostability	   compared	   with	   wild	   type	   GFP	   [11].	   Spectrally	  
shifted	  mutants	  of	  GFP	  include	  blue	  (EBFP),	  cyan	  (ECFP)	  and	  yellow	  (EYFP)	  variants	  [12]–[14].	  Added	  
to	   these	   are	   a	   range	   of	   genetically	   distinct	   proteins	   that	   are	   fluorescent	   in	   the	   red	   and	   infra-­‐red	  
regions	  of	  the	  spectrum	  [15]–[17].	  
The	   key	   advantage	   of	   fluorescent	   proteins	   is	   that	   the	   gene	   sequences	   coding	   for	   them	   can	   be	  
directly	   inserted	   into	  the	  gene	  sequence	  of	  the	  target	  protein	  resulting	   in	  a	  combined	  protein	  that	  
can	  be	  expressed	  in	  cells	  using	  conventional	  transfection	  techniques.	  This	  results	  in	  100%	  specificity,	  
negates	   the	   need	   for	   multiple	   labelling	   steps	   and,	   most	   importantly,	   is	   compatible	   with	   live	   cell	  
imaging.	  
2.2 Optical	  Microscopy	  
All	   forms	   of	   optical	   microscopy	   involve	   passing	   light	   that	   has	   been	   scattered	   from,	   transmitted	  
through	   or	   emitted	   from	   a	   sample,	   through	   a	   system	  of	   lenses	   to	   form	   a	  magnified	   image	   of	   the	  
sample.	   Early	   microscopes	   were	   constructed	   from	   a	   single	   lens	   in	   the	   16th	   century.	   Modern	  
microscopes,	  however,	  involve	  complex	  systems	  of	  lenses	  to	  provide	  diffraction	  limited	  imaging.	  This	  
is	   made	   possible	   by	   advanced	   understanding	   of	   imaging	   science	   and	   state-­‐of-­‐the-­‐art	   lens	  
manufacturing	  techniques.	  
The	  oldest	  form	  of	  optical	  microscopy	  is	  brightfield	  microscopy,	  in	  which	  light	  that	  is	  transmitted	  or	  
scattered	   by	   a	   sample	   is	   observed.	   Although	   simple,	   this	   technique	   cannot	   be	   used	   for	   three-­‐
dimensional	  imaging	  as	  it	  does	  not	  offer	  optical	  sectioning	  and	  also	  has	  poor	  contrast	  due	  to	  a	  large	  
inherent	   amount	   of	   background	   due	   to	   illuminating	   radiation	   that	   has	   not	   interacted	   with	   the	  
sample.	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2.2.1 Darkfield	  and	  Phase	  Contrast	  Microscopy	  
An	   alternative	   to	   the	   brightfield	   microscope	   is	   darkfield	   microscopy,	   in	   which	   the	   sample	   is	  
illuminated	  at	   a	   ray	  angle	  beyond	   that	  of	   the	  objective	   lens	  numerical	   aperture	   [18].	   This	  ensures	  
that	  only	  light	  that	  has	  been	  scattered	  by	  the	  sample	  is	  collected	  by	  the	  objective	  lens,	  thus	  greatly	  
improving	   image	   contrast.	   Another	   form	   of	   contrast	   enhancing	   microscopy	   is	   phase	   contrast	  
microscopy	  [19].	  This	  technique	  converts	  otherwise	  invisible	  phase	  changes	  imparted	  to	  light	  rays	  by	  
the	   sample	   into	   observable	   changes	   in	   intensity.	   Other	   microscopy	   techniques	   inspired	   by	   phase	  
contrast	   microscopy	   include	   differential	   interference	   microscopy	   [20]	   and	   quantitative	   phase	  
contrast	  microscopy	  [21].	  
2.2.2 Fluorescence	  Microscopy	  
The	   most	   basic	   implementation	   of	   fluorescence	   microscopy	   is	   the	   wide-­‐field	   fluorescence	  
microscope,	   also	   known	   as	   the	   epi-­‐fluorescence	  microscope.	   Figure	   3	   shows	   an	   illustration	   of	   the	  
basic	  anatomy	  of	  a	  wide-­‐field	  fluorescence	  microscope.	  
	  
Figure	  3	  –	  Schematic	  of	  a	  wide-­‐field	  fluorescence	  microscope.	  Excitation	  light	  (green)	  	  is	  focused	  into	  the	  back	  focal	  plane	  
(BFP)	  of	  the	  objective	  lens.	  Emission	  (red)	  is	  separated	  from	  excitation	  light	  via	  a	  dichroic	  mirror,	  spectrally	  filtered	  and	  
imaged	  onto	  a	  camera	  by	  a	  tube	  lens.	  
The	  light	  source	  is	  reflected	  by	  a	  dichroic	  mirror	  and	  focused	  into	  the	  back	  focal	  plane	  of	  an	  objective	  
lens.	   The	  waveband	   appropriate	   for	   excitation	   of	   the	   fluorophores	   is	   selected	   using	   an	   excitation	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filter.	  The	  objective	  lens	  acts	  to	  collimate	  the	  excitation	  light,	  which	  is	  then	  incident	  on	  the	  sample,	  
thus	   providing	   even	   illumination	   over	   the	   field	   of	   view.	  When	   combined	   with	   field	   and	   aperture	  
stops	   this	  method	  of	   illumination	   is	  known	  as	  Köhler	   illumination.	  The	  Stokes	   shifted	   fluorescence	  
emission	  of	  the	  fluorophores	  in	  the	  sample,	  which	  can	  be	  thought	  of	  as	  an	  array	  of	  point	  sources,	  is	  
collimated	  by	   the	  objective	   lens	   and	   transmitted	  by	   the	  dichroic	  mirror	  before	  being	   imaged	  by	   a	  
tube	  lens	  onto	  an	  appropriate	  wide-­‐field	  detector	  e.g.	  a	  CCD	  camera.	  An	  emission	  filter	  is	  placed	  in	  
the	  emission	  path	  to	  reject	  scattered	  excitation	  light.	  Although	  the	  light	  source	  shown	  in	  Figure	  3	  is	  a	  
mercury	  lamp	  there	  are	  many	  other	  possibilities	  including	  LEDs,	  xenon-­‐arc	  lamps	  and	  lasers.	  
2.2.2.1 Multidimensional	  Fluorescence	  Microscopy	  
The	   parameters	   of	   fluorescence	   that	   can	   be	   explored	   using	   fluorescence	   microscopy	   extend	   far	  
beyond	   basic	   intensity	   measurements.	   Some	   of	   the	   important	   extensions	   of	   fluorescence	  
microscopy	  are	  discussed	  below.	  2.2.2.1.1 Spectral	  Imaging	  
Specialised	   dichroic	   mirrors	   and	   emission	   filters	   provide	   the	   means	   to	   spectrally	   split	   the	   overall	  
fluorescence	  signal	  emitted	  from	  samples	  under	  study	  into	  two	  or	  more	  channels.	  This	  can	  be	  used,	  
for	   instance,	   to	  observe	   the	  co-­‐localisation	  of	  multiple,	   spectrally	  distinct	   fluorescent	   labels.	  Often	  
fluorophores	  have	  significant	  overlap	  of	  their	  emission	  spectra	  rendering	  it	  impractical	  to	  completely	  
separate	   their	   fluorescent	   signals	   into	   different	   channels.	   In	   such	   cases	   spectral	   unmixing	   can	   be	  
applied,	   where	   reference	   spectra	   for	   each	   fluorophore	   are	   used	   to	   enable	   determination	   of	   the	  
contribution	  of	  each	  fluorophore	  to	  the	  signal	   in	  each	  pixel	  of	  the	   image	   [22].	   It	   is	  also	  possible	  to	  
continuously	   disperse	   the	   spectrum	   of	   emission,	   e.g.	   by	   use	   of	   an	   imaging	   spectrograph	   [23],	   to	  
perform	  hyperspectral	  imaging.	  
2.2.2.1.2 Polarisation	  imaging	  and	  anisotropy	  imaging	  
As	  previously	  discussed,	  fluorophores	  with	  transition	  dipoles	  aligned	  to	  an	   input	   linear	  polarisation	  
will	   be	   preferentially	   excited.	   If	   the	   transition	   dipoles	   are	   static	   then	   their	   orientation	   can	   be	  
determined	  by	  varying	  the	  angle	  of	  the	  excitation	  polarisation	  to	  find	  the	  angle	  at	  which	  excitation	  
efficiency	   is	   greatest.	   For	   example,	   this	   technique	   has	   been	   used	   to	   perform	   mapping	   of	   the	  
orientations	  of	  nitrogen	  vacancy	  centres	  in	  bulk	  diamond	  [24].	  Non-­‐static	  dipoles	  on	  the	  other	  hand	  
can	  exhibit	  orientational	  changes	  on	  timescales	  within	  the	  upper	  state	   lifetime	  of	  the	  fluorophore.	  
These	   changes	   in	   orientation	   lead	   to	   a	   depolarisation	   of	   the	   emitted	   fluorescence.	   Anisotropy	  
imaging	  involves	  splitting	  the	  fluorescence	  emission	  into	  two	  orthogonally	  polarised	  channels	  e.g.	  by	  
use	   of	   a	   polarising	   beam	   splitter.	  One	   channel	   is	   polarised	   parallel	   to	   the	   excitation	   light	   and	   the	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other	   channel	   is	   polarised	   perpendicularly	   to	   the	   excitation	   light.	   The	   anisotropy,	   𝑟,	   is	   then	  
calculated	  as	  
𝑟 = 𝐼∥ − 𝐼!𝐼∥ + 2𝐼! 	   	   (11)	  
Where	   𝐼∥	   is	   the	   intensity	   of	   fluorescence	   parallel	   to	   the	   excitation	   light	   and	   𝐼!	   is	   the	   intensity	   of	  
fluorescence	  perpendicular	   to	   the	  excitation	   light.	  Anisotropy	   can	  be	  used	  as	  a	   readout	  of	   Förster	  
resonance	  energy	  transfer	  (FRET)	  [25].	  
2.2.2.1.3 Fluorescence	  lifetime	  imaging	  microscopy	  	  
Fluorescence	   lifetime	   imaging	   microscopy	   (FLIM)	   involves	   mapping	   of	   spatial	   variations	   in	  
fluorescence	   lifetime.	   The	   fluorescence	   lifetime	   is	   used	   as	   a	   readout	   of	   the	   local	   environment	   of	  
fluorophores,	   reporting	  on	  variations	   in	  parameters	   such	  as	  presence	  of	  quenching	  molecules,	   ion	  
concentration,	  pH	  and	  temperature	  [26].	  FLIM	  can	  also	  be	  used	  as	  an	  alternative	  to	  spectral	  imaging	  
in	   cases	  where	  distinct	   fluorophores	  have	   similar	   spectra	  but	  different	   fluorescence	   lifetimes	   [27].	  
The	   independence	   of	   fluorescence	   lifetime	   measurement	   to	   fluorophore	   concentration	   and	   to	  
spectral	  properties	  of	  the	  samples	  or	  instruments	  (e.g.	  transmission)	  is	  a	  particular	  advantage.	  
The	   instrumentation	   used	   to	   perform	   FLIM	   varies	   significantly	   depending	   on	   the	   particular	  
application.	   For	   instance,	   FLIM	  with	   high	   spatial	   resolution	   can	   be	   carried	   out	   in	   a	   laser	   scanning	  
modality	  using	  time	  correlated	  single	  photon	  counting	  (TCSPC),	  or	  for	  faster	  imaging,	  can	  be	  carried	  
out	  in	  a	  wide-­‐field	  modality	  e.g.	  with	  a	  gated	  optical	  intensifier	  (GOI)	  used	  to	  perform	  time	  resolved	  
imaging	  of	  the	  fluorescence	  signal.	  
2.2.2.1.3.1 Time-­‐correlated	  single	  photon	  counting	  
Time-­‐correlated	   single	   photon	   counting	   (TCPSC)	   is	   the	   most	   common	   technique	   used	   for	  
fluorescence	   lifetime	   imaging.	   It	   is	   usually	   a	   point	   scanning	   technique,	   i.e.	   imaging	   proceeds	   on	   a	  
pixel-­‐by-­‐pixel	   basis.	   A	   pulsed	   laser,	   typically	   with	   MHz	   repetition	   rate,	   is	   used	   for	   fluorescence	  
excitation.	   The	   signal	   from	   this	   laser	   is	   monitored,	   e.g.	   by	   use	   of	   a	   photodiode,	   to	   provide	   a	  
synchronisation	  (sync)	  signal	  to	  the	  TCSPC	  electronics.	  Each	  pulse	  from	  the	  sync	  signal	  acts	  a	  “start”	  
signal	   that	  triggers	  the	  charging	  of	  a	  capacitor	   in	  a	  time-­‐to-­‐amplitude	  converter	   (TAC).	  The	  voltage	  
across	   the	   capacitor	   then	   increases	   linearly	   with	   time.	   Meanwhile,	   fluorescence	   excited	   in	   the	  
sample	  by	  the	  pulsed	  laser	  is	  incident	  on	  a	  photon	  counting	  detector,	  such	  as	  a	  photomultiplier	  tube	  
(PMT)	  or	  an	  avalanche	  photodiode	  (APD).	  Detection	  of	  a	  photon	  results	  in	  an	  electronic	  pulse	  being	  
output	   from	   the	   detector.	   This	   output	   pulse	   acts	   a	   “stop”	   signal	   for	   the	   TAC	   and	   terminates	   the	  
voltage	  ramp.	  The	  final	  voltage	  amplitude	  is	  then	  proportional	  to	  the	  time	  interval	  between	  the	  TAC	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receiving	   the	   start	   and	   stop	   signals.	   The	   voltage	   is	   converted	   to	   a	   time	   value	   via	   an	   analogue	   to	  
digital	  converter	  (ADC)	  and	  the	  photon	  count	  is	  placed	  in	  the	  appropriate	  time	  bin.	  Figure	  4	  shows	  a	  
flow	  diagram	  of	  this	  process	  that	  reflects	  the	  “reverse	  start-­‐stop”	  operation	  of	  most	  modern	  TCPSC	  
systems,	  whereby	  the	  TAC	  start	   is	   initiated	  by	  the	  detection	  of	  a	  fluorescence	  photon	  and	  the	  TAC	  
stop	  by	  the	  sync	  signal	  indicating	  the	  next	  laser	  pulse.	  This	  mode	  of	  operation	  reduces	  the	  dead	  time	  
arising	  from	  the	  system	  resetting	  the	  TAC.	  
	  
Figure	  4	  -­‐	  Flow	  diagram	  illustrating	  TCSPC	  architecture.	  CFD	  –	  constant	  fraction	  discriminator,	  TAC	  time	  to	  amplitude	  
converter,	  ADC	  –	  analogue	  to	  digital	  converter.	  
This	  process	   is	  repeated	  over	  many	  cycles	  to	  build	  up	  a	  histogram	  of	  photon	  arrival	  times	  for	  each	  
pixel	   of	   the	   image	   from	  which	   the	   fluorescence	   lifetime	   can	   be	   calculated	   in	   each	   pixel.	   Figure	   5	  
shows	  a	  cartoon	  of	  a	  fluorescence	  decay	  profile	  represented	  by	  a	  histogram	  of	  photon	  arrival	  times.	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Figure	  5	  -­‐	  Illustration	  of	  TCPSC	  data	  
Calculation	   of	   the	   fluorescence	   lifetime	   proceeds	   by	   fitting	   the	   data,	   𝑦!,	   to	   a	   model,	   𝑓!(𝑡).	   The	  
model	  usually	   takes	   the	   form	  of	  a	  mono-­‐exponential	   (equation	   (8))	  or	  multi-­‐exponential	   (equation	  
(9))	  decay.	  For	  a	  complete	  model	  it	  is	  necessary	  to	  include	  the	  instrument	  response	  function	  (IRF)	  of	  
the	   system,	   which	   describes	   the	   response	   of	   the	   system	   to	   an	   impulse	   of	   light.	   The	   model	   for	  
fluorescence	  decay	  can	  be	  written	  as	  the	  convolution	  of	  a	  multi-­‐exponential	  decay	  with	  the	  IRF.	  
𝑓!(𝑡) = 𝐼! 𝑎!exp − 𝑡𝜏!! ⨂𝐼𝑅𝐹(𝑡)  	   	   (12)	  
Fitting	  is	  usually	  carried	  out	  using	  a	  non-­‐linear	  least	  squares	  minimisation	  [4],	  [28],	  [29].	  Commonly,	  
the	  weighted	  least	  squares	  residual,	  𝜒!,	  is	  used	  as	  a	  metric	  to	  indicate	  how	  well	  the	  model	  is	  fitted	  
to	  the	  data.	  This	  is	  defined	  as	  
𝜒! = (𝑦!(𝑡!) − 𝑓! 𝑡! )!𝜎!(𝑡!)!! 	   	   (13)	  
Where	  𝑦!(𝑡!)	  is	  the	  measured	  data	  in	  the	  time	  bin	  𝑡!,	  𝑓!(𝑡!)	  is	  the	  model	  in	  the	  same	  time	  bin	  and	  𝜎 𝑡! 	   is	   an	   estimate	   of	   the	   standard	   deviation	   of	   the	   data	   based	   on	   the	   number	   of	   photons	  
measured.	   Fitted	   lifetimes	   can	   then	   be	   represented	   as	   an	   image	   with	   a	   false	   colour	   scale	  
representing	  the	  value	  of	  the	  lifetime	  in	  each	  pixel.	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2.2.3 Resolution	  of	  optical	  microscopy	  
In	  an	  ideal	  system	  a	  point	  source	  in	  the	  object	  plane	  will	  be	  imaged	  to	  a	  corresponding	  point	  in	  the	  
image	   plane.	   In	   reality	   this	   is	   not	   possible	   due	   to	   diffraction	   and	   aberrations.	   Aberrations	   can	   be	  
remedied	  e.g.	  by	  good	  lens	  design.	  However,	  diffraction	  will	  always	  be	  present	  in	  any	  optical	  system	  
and	   this	   places	   the	   absolute	   limit	   on	   the	   resolution	   possible.	   The	   Point	   Spread	   Function	   (PSF)	  
describes	  how	  much	  a	  point	  source	  in	  the	  object	  plane	  is	  spread	  out	  into	  a	  blurred	  point	  in	  the	  image	  
plane.	  
The	  limit	  of	  optical	  resolution	  was	  studied	  by	  both	  Ernst	  Abbe	  and	  Lord	  Rayleigh	  in	  the	  19th	  century.	  	  	  
Ernst	  Abbe	  produced	  a	  mathematical	   formula	  for	  the	  diffraction	   limit	   in	  1873	  that	  gives	  the	  radius	  𝑑  of	  a	  spot	   formed	  by	   light	  of	  wavelength	  𝜆	   in	  a	  medium	  of	   refractive	   index	  𝑛	   converging	  with	  an	  
angle	  𝜃	  [20]:	  
𝑑 = 𝜆2 𝑛 sin 𝜃 	   	   (14)	  
Abbe’s	  theory	  considers	  every	  object	  as	  a	  collection	  of	  diffraction	  gratings	  of	  different	  frequency	  and	  
orientation.	   These	   gratings	   split	   incident	   light	   into	   diffractive	   orders	   which	   leave	   the	   grating	   at	  
increasing	  angles	  from	  the	  zeroth	  order.	  It	  is	  impossible	  for	  a	  lens	  of	  finite	  size	  to	  collect	  all	  of	  these	  
diffractive	   orders	   and	   some	   information	   is	   always	   lost.	   This	   lost	   information	   results	   in	   reduced	  
resolution	  the	  image	  plane.	  If	  a	  situation	  arises	  where	  only	  the	  zeroth	  order	  is	  collected	  by	  the	  lens	  
then	  the	  object	  will	  not	  be	  resolved.	  
The	  Rayleigh	  Criterion	  is	  based	  upon	  the	  geometry	  of	  the	  point	  spread	  function	  and	  states	  that	  two	  
point	   sources	  are	   regarded	  as	   just	   resolved	  when	   the	  principal	  diffraction	  maximum	  of	  one	   image	  
coincides	  with	  the	  first	  minimum	  of	  the	  other.	  In	  an	  aberration	  free	  system	  the	  point	  spread	  function	  
in	  the	  x-­‐y	  plane	  is	  given	  by	  [30]:	  
𝐼 𝑣 = 𝐼! 2𝐽! 𝜈𝜈 ! 	   	   (15)	  
Where	  𝐽!(𝜈)	   is	  a	  first	  order	  Bessel	  function	  of	  the	  first	  kind	  and	  𝜈   =   2𝜋𝑟𝑛𝑠𝑖𝑛𝛼/𝜆	  (r	   is	  a	  radial	  co-­‐
ordinate,	  𝑛 sin 𝛼	  is	  the	  numerical	  aperture	  of	  the	  lens).	  The	  first	  minimum	  of	  this	  function	  appears	  at	  𝑣   =   1.22𝜋.	  The	  diameter	  of	  the	  central	  bright	  spot	  is	  then	  given	  by:	  
𝑑!"#$ = 1.22𝜆𝑛 sin 𝛼	   	   (16)	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If	  one	  considers	   two	  adjacent	  point	   sources,	   they	  can	  be	   resolved	   if	   their	  PSFs	  are	   separated	  by	  a	  
distance	  greater	  than	  or	  equal	  to	  the	  radius	  of	  the	  central	  bright	  spot:	  	  
𝛥𝑟!"#$%&'! = 0.66𝜆𝑛 sin 𝛼	   	   (17)	  
This	  is	  the	  Rayleigh	  Criterion.	  
Modern	  microscope	  objectives	  can	  have	  numerical	  apertures	  up	  to	  ~1.4.	  Thus	  resolution	  is	  limited	  to	  
approximately	  half	  the	  wavelength	  of	  the	  light.	  In	  a	  microscope	  utilising	  visible	  illumination	  light	  this	  
corresponds	   to	   a	   resolution	   limit	   around	   250nm	   (𝜆	   ~500nm	   for	   green	   light).	   If	   structures	   smaller	  
than	   this	   are	   to	   be	   imaged	   then	   different	   approaches	   are	   required.	   One	   obvious	   way	   is	   to	   use	  
shorter	   wavelength	   illumination	   (i.e.	   UV),	   however	   this	   requires	   expensive	   specialized	   optics	   and	  
may	  also	  be	  damaging	  to	  the	  sample.	  
2.3 Fluorescence	  Microscopy	  beyond	  the	  Diffraction	  Limit	  
2.3.1 Deconvolution	  
Deconvolution	  is	  an	  image	  processing	  technique	  in	  which	  the	  resolution	  of	  images	  is	  improved	  using	  
a	  priori	  system	  information	  [31].	  This	  method	  proceeds	  by	  considering	  the	  acquired	  image	  𝐼(𝑥, 𝑦, 𝑧)	  
to	  be	  the	  mathematical	  convolution	  of	  the	  actual	  object	  𝑂(𝑥, 𝑦, 𝑧)	  with	  the	  point	  spread	  function	  of	  
the	  imaging	  system	  𝑃𝑆𝐹(𝑥, 𝑦, 𝑧)	  𝐼 𝑥, 𝑦, 𝑧 = 𝑂(𝑥, 𝑦, 𝑧)⊗ 𝑃𝑆𝐹(𝑥, 𝑦, 𝑧)	   	   (18)	  
If	   the	  PSF	  of	   the	   system	  can	  be	  measured	  or	   calculated,	   it	   can	   then	  be	  used	   to	  extract	   the	  actual	  
dimensions	  of	  the	  object	  via	  mathematical	  deconvolution	  of	  the	  image	  with	  the	  PSF.	  
Although	   straightforward,	   this	   method	   can	   be	   significantly	   prone	   to	   artefacts	   introduced	   by	   high	  
frequency	  noise	  present	  in	  measured	  data	  or	  variations	  in	  the	  actual	  PSF	  over	  a	  field	  of	  view	  [31].	  
2.3.2 Confocal	  Microscopy	  
The	  confocal	  microscope	  was	  invented	  by	  Marvin	  Minsky,	  who	  patented	  the	  technique	  in	  1961	  [32].	  
This	   form	   of	   microscopy	   was	   the	   first	   to	   offer	   optical	   sectioning	   and	   can	   be	   applied	   to	   both	  
transmission	   and	   fluorescence	   imaging	   modalities.	   In	   addition	   to	   optical	   sectioning,	   the	   confocal	  
microscope	   has	   improved	   lateral	   resolution	  when	   compared	  with	   wide-­‐field	  microscopy.	   The	   first	  
step	   in	   confocal	   microscopy	   involves	   imaging	   a	   point	   source	   of	   illumination	   into	   the	   sample,	  
producing	  a	  diffraction	  limited	  intensity	  distribution	  𝐼(𝑣, 𝑢)	  [33]	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𝐼 𝑣, 𝑢 = 2 𝐽! 𝜈𝜌 𝑒!"!!! 𝜌𝑑𝜌!! ! 	   	   (19)	  
for	  an	  evenly	  illuminated	  circular	  pupil	  with	  radius	  𝜌	  with	  radial	  and	  axial	  optical	  coordinates	  𝜈	  and	  𝑢	  
respectively,	  which	  are	  related	  to	  the	  real	  coordinates	  by	  
𝜈 = 2𝜋𝑟𝑛 sin 𝛼𝜆 	   	   (20)	  
𝑢 = 8𝜋𝑧𝑛 sin!(𝛼2)  𝜆 𝑧	   	   (21)	  
with	  𝑛sin  (𝛼)	  representing	  the	  numerical	  aperture	  of	  the	  objective	  lens	  and	  𝜆  the	  wavelength	  of	  the	  
excitation	  light.	  𝐽!	  represents	  a	  zero-­‐order	  Bessel	  function	  of	  the	  first	  kind.	  
	  The	   resulting	   signal	   from	   the	   sample	   is	   then	   imaged	   onto	   a	   pinhole,	   which	   transmits	   signal	  
originating	   in	   the	   focal	   plane	   while	   blocking	   light	   from	   out	   of	   focus	   planes.	   Figure	   6	   shows	   a	  
schematic	  of	  a	  fluorescence	  based	  confocal	  microscope.	  
	  
Figure	  6	  –	  Illustration	  of	  a	  confocal	  fluorescence	  microscope	  showing	  suppression	  of	  out-­‐of-­‐focus	  light	  with	  a	  detection	  
pinhole.	  	  
As	  can	  be	  seen,	  the	  fluorescence	  PSF	   is	   imaged	  directly	  onto	  the	  detection	  pinhole	  and	  vice-­‐versa.	  
The	  size	  of	  the	  detection	  pinhole	  is	  chosen	  carefully	  such	  that	  it	  is	  closely	  matched	  to	  the	  dimensions	  
of	  the	  image	  of	  the	  fluorescence	  PSF.	  Generally,	  a	  detection	  pinhole	  with	  dimensions	  of	  1	  Airy	  Unit	  
or	  less	  is	  used,	  where	  an	  Airy	  Unit	  is	  the	  size	  of	  the	  Airy	  disk	  as	  defined	  in	  equation	  (16).	  Decreasing	  
the	  size	  of	  the	  pinhole	   increases	   lateral	  resolution	  and	  sectioning	  strength	  at	  the	  expense	  of	  signal	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[33].	  The	  overall	   system	  point	  spread	   function	   is	  now	  defined	  as	   the	  product	  of	   the	  excitation	  PSF	  
and	  the	  detection	  PSF,	  which	  is	  approximately	  
𝐼!"#$"!%& = 𝐼!(𝜈, 𝑢)	  	   	   (22)	  
This	  approximate	  squaring	  of	   the	  PSF	   is	   the	  source	  of	   the	   improved	  resolution	  and	  sectioning	   that	  
confocal	  microscopy	  offers	  over	  wide-­‐field	   imaging.	  The	  achievable	   lateral	  resolution	   is	  now	  below	  
the	  Rayleigh	  limit	  and	  can	  be	  approximated	  as	  
𝑟!"#$%"! = 0.4𝜆𝑛 sin 𝛼	   	   (23)	  
The	  axial	  resolution	  is	  given	  by	  
𝑟!"#!$ = 1.4𝜆𝑛 sin! 𝛼	   	   (24)	  
Modern	  confocal	  microscopes	  usually	  employ	  a	  collimated	  laser	  as	  the	  excitation	  source,	  rather	  than	  
a	   pinhole	   illuminated	   by	   some	  other	   light	   source,	   as	   is	   shown	   in	   Figure	   6.	   Confocal	  microscopy	   is	  
necessarily	   a	   scanning	   technique	   and	   this	   can	   be	   achieved	   using	   galvanometric	  mirrors	   for	   beam	  
scanning,	  or	  through	  movement	  of	  the	  sample	  e.g.	  with	  piezo	  actuators.	  	  
The	   requirement	   of	   point-­‐by-­‐point	   image	   acquisition	   results	   in	   slower	   imaging	   than	   is	   offered	   by	  
wide-­‐field	  microscopy,	  which	  can	  sometime	  limit	  the	  imaging	  of	  fast	  processes	  e.g.	  in	  live	  cells.	  Also,	  
increased	   photobleaching	   of	   fluorophores	   may	   occur	   due	   to	   the	   increased	   peak	   intensity	   of	   the	  
focused	  illumination.	  
2.3.3 Non-­‐linear	  Microscopy	  
Non-­‐linear	   microscopy	   is	   a	   family	   of	   microscopy	   techniques	   that	   exploit	   processes	   involving	   the	  
simultaneous	   interaction	   of	   multiple	   photons	   with	   media	   in	   which	   the	   dielectric	   polarisation	  
responds	  non-­‐linearly	  to	  the	  incident	  electric	  field.  	  
In	  a	  linear	  material,	  an	  incident	  electric	  field	  will	  induce	  a	  polarisation	  𝑷	  according	  to	  
𝑷 = 𝜀!𝜒(!)𝑬	   	   (25)	  
Where	  𝜀!	   is	   the	  electric	  permittivity	   in	   free	  space,	  𝜒(!)	   is	   the	  electric	  susceptibility	  of	   the	  material	  
and	  𝑬	   is	  the	  applied	  electric	  field.	  The	  electric	  susceptibility	  of	  the	  material	  is	  related	  to	  its	  relative	  
permittivity,	  𝜀!,	  and	  refractive	  index	  𝑛	  by	  𝑛! = 𝜀! = 1 + 𝜒(!) 	   	   (26)	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In	  materials	  which	  have	  a	  non-­‐linear	  response	  to	  the	  electric	  field	  the	  polarisation	  can	  be	  described	  
by	  a	  Taylor	  expansion	  
𝑃 = 𝜀!(𝜒(!)𝐸 + 𝜒(!)𝐸! + 𝜒(!)𝐸! +⋯ )	   	   (27)	  
where	   the	   coefficients	   𝜒(!)	   are	   the	   nth	   order	   susceptibilities	   of	   the	   medium,	   which	   in	   turn	  
correspond	  to	  nth	  order	  non-­‐linear	  processes.	  Here,	  the	  polarisation	  density	  𝑃	  and	  electric	  field	  𝐸	  are	  
shown	  as	  scalar	  for	  simplicity.	  	  
First	   order	   processes	   include	   simple	   absorption	   and	   reflection,	   second	   order	   processes	   include	  
second	   harmonic	   generation	   and	   third	   order	   processes	   include	   self-­‐phase	   modulation,	   third	  
harmonic	  generation	  and	  two-­‐photon	  absorption.	  In	  general,	  higher	  order	  susceptibilities	  are	  much	  
weaker,	   thus	   requiring	   higher	   input	   intensity	   to	   be	   observable.	   Intensity	   related	   issues,	   such	   as	  
photobleaching	   and	   photodamage	   usually	   restrict	   microscopy	   studies	   to	   third	   order	   and	   lower	  
processes	  e.g.	  two-­‐photon	  absorption	  and	  second	  harmonic	  generation.	  
2.3.3.1 Multiphoton	  Microscopy	  
The	   two-­‐photon	  absorption	  process	  was	  predicted	  my	  Maria	  Göppert-­‐Mayer	   in	  1931	   [34],	  but	  not	  
experimentally	   verified	   until	   after	   the	   invention	   of	   the	   laser,	   when	   two-­‐photon	   excitation	  
fluorescence	   was	   observed	   in	   europium-­‐doped	   calcium	   fluoride	   [35].	   Figure	   7	   demonstrates	   the	  
process	  of	   two-­‐photon	  excitation	   fluorescence.	   Two	  photons	  of	   equal	   (or	   different)	   frequency	   are	  
incident	  on	  a	  fluorophore.	  The	  fluorophore	  is	  excited	  from	  its	  ground	  state	  to	  its	  first	  excited	  state	  
by	   absorption	   of	   the	   two	   photons	   in	   a	   process	   that	   involves	   an	   intermediate	   virtual	   state.	   The	  
fluorophore	   then	   loses	   excess	   energy	   via	   internal	   conversion	   before	   relaxing	   back	   to	   the	   ground	  
state	  by	  fluorescence.	  The	  energy	  difference	  between	  the	  ground	  and	  excited	  states	  of	  the	  molecule	  
is	  equal	  to	  or	  less	  than	  the	  sum	  of	  the	  energies	  of	  the	  two	  photons.	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Figure	  7	  –	  illustration	  of	  the	  two-­‐photon	  excitation	  (red	  arrows)	  and	  fluorescence	  (blue	  arrow)	  process.	  
The	  first	  implementation	  of	  a	  multiphoton	  fluorescence	  microscope	  was	  reported	  in	  1990,	  where	  a	  
two-­‐photon	  absorption	  process	  was	  used	  [36].	  Three-­‐photon	  microscopy	  was	  subsequently	  reported	  
in	   1996	   [37].	   Multiphoton	   microscopy	   involves	   a	   tightly	   focused	   excitation	   PSF	   in	   which	   the	  
probability	  of	  multiple	  photons	  arriving	  simultaneously	  is	  greatest	  in	  the	  region	  of	  highest	  intensity.	  
This	  leads	  to	  a	  well	  confined	  focal	  volume	  in	  which	  excitation	  occurs,	  thus	  providing	  inherent	  optical	  
sectioning	  without	  the	  need	  for	  a	  detection	  pinhole	  (as	  is	  used	  in	  confocal	  microscopy).	  In	  practice	  it	  
is	  usually	  necessary	  to	  employ	  lasers	  with	  ultrashort	  pulses	  for	  excitation	  in	  order	  to	  realise	  the	  high	  
peak	   intensities	   required	   for	   multiphoton	   processes	   to	   occur	   with	   appreciable	   yield.	   Indeed,	  
multiphoton	   microscopy	   became	   routinely	   practical	   after	   the	   introduction	   of	   femtosecond	  
Ti:Sapphire	  laser	  technology.	  
The	  resolution	  of	  a	  multiphoton	  microscope	  can	  be	  compared	  with	  that	  of	  a	  microscope	  operating	  in	  
a	  single	  photon	  absorption	  modality.	  Multiphoton	  absorption	  processes	  involving	  𝑁	  photons	  require	  
excitation	  light	  of	  wavelength	  approximately	  𝑁	   times	  that	  of	  the	  equivalent	  single	  photon	  process.	  
This	   results	   in	   an	   approximately	   linear	   scaling	   of	   the	   illumination	   PSF	   size	   with	   increasing	   𝑁.	  
However,	   the	   fluorescence	   PSF	   resulting	   from	   a	   multiphoton	   process	   is	   narrowed	   by	   a	   factor	   of	  𝑁! !! .	  Overall,	  the	  emission	  PSF	  resulting	  from	  an	  N-­‐photon	  process	  can	  be	  expressed	  as	  
𝐼! 𝜈, 𝑢 = 𝐼 𝜈𝑁 , 𝑢𝑁 ! 	   	   (28)	  
With	  𝐼(𝜈, 𝑢)	  as	  shown	  in	  equation	  (19).	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Figure	   8	   shows	   simulated	   system	   PSFs	   calculated	   for	   an	   instrument	   with	   a	   0.7	   NA	   air	   objective	  
operating	   in	   one-­‐photon	   wide-­‐field	  mode	   (a),	   one-­‐photon	   confocal	  mode	   (b),	   and	   in	   two	   photon	  
mode	  with	   no	   confocal	   pinhole	   (c).	   The	  wavelength	   of	   the	   two-­‐photon	   PSF	   is	   twice	   that	   used	   to	  
calculate	  the	  one	  photon	  PSFs.	  
	  
Figure	  8	  –	  simulated	  PSFs	  for	  one-­‐photon	  wide-­‐field	  (a),	  one-­‐photon	  confocal	  (calculated	  for	  an	  infinitely	  small	  pinhole)	  
(b)	  and	  two-­‐photon	  microscopy	  with	  no	  confocal	  pinhole	  (c).	  Calculated	  for	  NA	  =	  0.7	  and	  𝝀	  =	  400	  nm	  for	  one-­‐photon	  
PSFs	  (a)	  and	  (b)	  and	  800	  nm	  for	  two-­‐photon	  PSF	  (c).	  
It	  can	  be	  seen	  that	  confocal	  microscopy	  offers	  the	  best	  resolution.	  However,	  it	  is	  important	  to	  note	  
that	  the	  use	  of	  near	  infrared	  excitation	  light	  (i.e.	  for	  two-­‐photon	  microscopy)	  allows	  deeper	  imaging	  
into	   biological	   samples	   (e.g.	   tissue),	   since	   these	   wavelengths	   are	   less	   susceptible	   to	   unwanted	  
absorption	  and	   scattering	   compared	   to	  visible	  wavelengths.	  Added	   to	   this	   is	   reduced	  out	  of	  plane	  
bleaching	  [38]	  and	  access	  to	  effective	  excitation	  in	  the	  UV	  without	  the	  use	  of	  potentially	  phototoxic	  
UV	  light	  and	  the	  associated	  need	  for	  expensive	  UV	  optimised	  optics.	  Two-­‐photon	  absorption	  spectra	  
of	   fluorophores	   are	   typically	   similar	   to	   their	   corresponding	   one-­‐photon	   spectra	   but	   scaled	   in	  
wavelength	  [39].	  
2.3.3.2 Second	  Harmonic	  and	  Third	  Harmonic	  Generation	  Imaging	  Microscopy	  
Second	   harmonic	   generation	   (SHG)	   and	   third	   harmonic	   generation	   (THG)	   are	   non-­‐linear	   optical	  
processes	  whereby	  two	  photons	  (SHG)	  or	  three	  photons	  (THG)	  of	  the	  same	  wavelength	  interact	  with	  
a	   non-­‐linear	   material	   such	   that	   their	   energy	   is	   combined	   to	   form	   a	   single	   photon	   carrying	   the	  
summed	  energy	  of	  the	  original	  incident	  photons.	  These	  processes	  are	  also	  referred	  to	  as	  frequency	  
doubling	  and	  frequency	  tripling	  and	  have	  found	  commercial	  use	  in	  the	  laser	  industry	  e.g.	  to	  generate	  
532	  nm	  or	  355	  nm	  laser	  light	  from	  a	  1064	  nm	  source.	  SHG	  was	  first	  demonstrated	  in	  1961	  by	  Peter	  
Franken	  et	  al.	  at	  the	  University	  of	  Michigan,	  with	  quartz	  crystal	  used	  as	  the	  non-­‐linear	  sample	  [40].	  
Second	  harmonic	  generation	  as	  a	  method	  to	   investigate	   the	  microscopic	  structure	  of	  zinc	  selenide	  
crystals	   reported	   in	   1974	   [41].	   The	   first	   report	   of	   the	   application	   of	   SHG	   to	   a	   scanning	   optical	  
microscope	  was	  by	  Gannaway	  and	  Sheppard	  in	  1978	  [42].	  SHG	  was	  observed	  in	  biological	  samples	  in	  
1971	  [43]	  and	  imaging	  of	  SHG	  in	  biological	  samples	  was	  subsequently	  demonstrated	  by	  Freund	  and	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Deutsch,	  who	  presented	  optical	  second-­‐harmonic	  microscope	  images	  of	  rat	  tail	  tendon	  in	  1986	  [44].	  
In	   recent	   years	   SHG	   has	   been	   demonstrated	   in	   combination	   with	   exogenous	   labels	   as	   a	   useful	  
technique	  for	  whole-­‐animal	  in	  vivo	  imaging	  [45].	  Third	  harmonic	  generation	  imaging	  microscopy	  was	  
first	  reported	  in	  1997	  [46]	  and	  applied	  to	  biological	  systems	  soon	  thereafter	  [47],	  [48].	  
Second	  harmonic	  generation	  is	  a	  second	  order	  non-­‐linear	  process.	  If	  we	  consider	  an	  incident	  electric	  
field	  𝑬	  
𝑬 𝑡 = 𝐸! cos(𝜔𝑡)	   	   (29)	  
and	  expand	  equation	  (27)	  as	  far	  as	  the	  second-­‐order	  term,	  
𝑷 = 𝜀!𝜒 ! 𝐸!𝑐𝑜𝑠 𝜔𝑡 + !!𝐸!!𝜒(!)(cos 2𝜔𝑡) + 1 +⋯,	   	   (30)	  
We	   can	   see	   that	   a	   harmonic	   frequency	   2𝜔	   has	   been	   introduced	   i.e.	   frequency	   doubling	   has	  
occurred.	  If	  equation	  (27)	  is	  expanded	  up	  to	  the	  third-­‐order	  term	  then	  it	  can	  be	  seen	  that	  a	  harmonic	  
frequency	  of	  3𝜔	  appears,	  this	  is	  the	  case	  for	  frequency	  tripling	  (THG).	  
Figure	  9	   illustrates	  energy	   level	   schemes	   for	   the	  SHG	  and	  THG	  processes.	   Input	  photon	   transitions	  
are	  depicted	  red	  arrows	  and	  the	  output	  photon	  transitions	  in	  blue.	  
	  
Figure	  9	  –	  Energy	  level	  schemes	  for	  second	  (SHG)	  and	  third	  harmonic	  generation	  (THG)	  processes.	  
At	   first	  glance	  these	  processes	  are	  very	  similar	   to	  multiphoton	  excitation	  fluorescence	  microscopy.	  
The	  difference	  is	  that	  multiphoton	  microscopy	  involves	  excitation	  of	  a	  fluorophore	  from	  its	  ground	  
state	   to	   an	   excited	   electronic	   state,	   which	   then	   undergoes	   some	   relaxation	   before	   releasing	   a	  
photon	  by	  fluorescence,	  i.e.	  there	  is	  some	  degree	  of	  energy	  loss	  and	  the	  emitted	  photon	  is	  of	  lower	  
energy	   than	   the	   sum	   of	   the	   energy	   of	   the	   absorbed	   photons.	   On	   the	   other	   hand,	   SHG	   and	   THG	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processes	  are	  energy	  conserving	  with	  the	  emitted	  photon	  being	  of	  exactly	  twice	  or	  three	  times	  the	  
energy	   of	   the	   incident	   photons.	   Furthermore,	   multiphoton	   microscopy	   has	   an	   associated	  
fluorescence	  lifetime,	  whereas	  SHG	  and	  THG	  do	  not.	  
In	   principle,	   since	   SHG	   and	   THG	  do	  not	   involve	   absorption	   of	   energy	   by	   fluorophores,	   there	   is	   no	  
associated	   photobleaching.	   However,	   it	   is	   possible	   for	   photodamage	   to	   occur	   if	   the	   harmonic	  
generation	   overlaps	  with	   an	   electronic	   resonance	   (i.e.	  multiphoton	   absorption)	   [49].	   Collection	   of	  
SHG/THG	   signal	   can	   be	   a	   challenge	   due	   to	   the	   directionality	   of	   these	   processes.	   In	   general,	   the	  
majority	  of	  SHG/THG	  signal	  travels	   in	  the	  direction	  of	  propagation	  of	  the	   incident	   laser	   light	  and	   is	  
not	  collected	  by	  an	  epi-­‐detector.	  However,	  as	  a	  result	  of	  scattering	  of	  SHG	  signal	  e.g.	  within	  tissue	  
samples,	  sufficient	  signal	  can	  reach	  the	  detector,	  thereby	  enabling	  practical	  imaging.	  
2.3.4 Total	  internal	  reflection	  fluorescence	  microscopy	  
Total	   internal	   reflection	   fluorescence	   (TIRF)	   microscopy	   is	   usually	   implemented	   for	   wide-­‐field	  
imaging	   and	   relies	   on	   the	   generation	   of	   an	   evanescent	   wave	   of	   excitation	   light	   at	   the	   boundary	  
between	  two	  differing	  refractive	  indices	  to	  perform	  fluorescence	  imaging	  with	  high	  axial	  resolution.	  
The	   refraction	   of	   a	   plane	   wave	   incident	   on	   an	   interface	   between	   two	   differing	   refractive	   index	  
materials	  is	  described	  by	  Snell’s	  Law:	  𝑛! sin 𝜃! = 𝑛! sin 𝜃!  	   	   (31)	  
Where	   𝑛!	   and	   𝑛!	   are	   the	   refractive	   indices	   of	   the	   two	   media	   and	   𝜃!	   and	   𝜃!	   are	   the	   angles	   of	  
propagation	   of	   the	   wave,	   relative	   to	   the	   normal	   to	   the	   interface,	   in	   the	   first	   and	   second	   media	  
respectively.	  If	  𝑛! > 𝑛!	  then	  it	  is	  possible	  to	  engineer	  a	  situation	  where	  sin 𝜃!	  exceeds	  1.	  This	  case	  is	  
known	  as	  total	  internal	  reflection	  (TIR)	  and,	  as	  the	  name	  suggests,	  results	  in	  the	  incident	  wave	  being	  
reflected	  by	  the	  interface	  back	  into	  the	  first	  medium.	  The	  value	  of	  𝜃!	  which	  corresponds	  to	  𝜃! = 90°	  
is	  known	  as	  the	  critical	  angle.	  The	  basic	  Snell’s	  Law	  treatment	  of	  TIR	  suggests	  that	  all	  of	  the	  incident	  
energy	  is	  reflected	  by	  the	  interface.	  This	  is,	  however,	  not	  the	  case	  since	  Maxwell’s	  equations	  impose	  
a	   boundary	   condition	   to	   the	   wave	   equation	   such	   that	   it	   can	   only	   be	   solved	   with	   a	   non-­‐zero	  
transmitted	  field.	  This	  non-­‐zero	  transmitted	  field	  takes	  the	  form	  of	  an	  exponentially	  decaying	  field	  
with	  intensity	  described	  by	  
𝐼 𝑧 = 𝐼!exp   − 𝑧𝑑 	   	   (32)	  
Where	  𝐼(𝑧)	  is	  the	  intensity	  of	  the	  field	  at	  a	  distance	  𝑧	  into	  the	  second	  medium,	  𝑑	  is	  the	  penetration	  
depth	  of	   the	   field	  and	  𝐼!	   is	   the	   initial	   intensity	  of	   the	   field	  at	   the	   interface	   in	   the	  second	  medium.	  
This	  scenario	  is	  illustrated	  in	  Figure	  10.	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Figure	  10	  –	  Illustration	  of	  evanescent	  wave	  (red	  shading)	  generation	  by	  total	  internal	  reflection	  of	  an	  incident	  excitation	  
beam	  (red	  line).	  
In	   general,	   the	   penetration	   depth	  𝑑	   is	   ~100	   nm	   and	   so	   excitation	   of	   fluorescence	   only	   occurs	   for	  
fluorophores	  residing	  within	  ~100	  nm	  of	  the	  coverslip.	  As	  a	  result	  TIRF	  microscopy	  offers	  significantly	  
improved	   optical	   sectioning	   when	   compared	   with	   wide-­‐field	   microscopy	   and	   even	   confocal	  
microscopy.	  
TIRF	  can	  be	  implemented	  by	  focusing	  a	  laser	  beam	  onto	  the	  edge	  of	  an	  objective	  lens	  pupil,	  thereby	  
producing	   an	   inclined	   beam	   in	   the	   sample	   plane.	   Other	  methods	   include	   illuminating	   the	   sample	  
through	  a	  prism	  and	  rapid	  scanning	  of	  the	  illumination	  to	  provide	  even	  illumination	  [50].	  
2.3.5 Standing	  Wave	  Microscopy	  
Standing	   wave	   fluorescence	  microscopy	   offers	   improved	   axial	   resolution	   over	   the	   standard	  wide-­‐
field	   fluorescence	  microscope.	   This	   is	   achieved	   by	   interfering	   two	   collimated	   counter-­‐propagating	  
laser	   beams	   to	   form	   a	   standing	   wave	   excitation	   pattern	   at	   the	   focal	   plane	   [51].	   In	   a	   practical	  
microscope	  this	  is	  achieved	  by	  placing	  a	  mirror	  behind	  the	  sample	  in	  order	  to	  reflect	  the	  transmitted	  
excitation	  back	  on	  itself,	  thus	  generating	  interference.	  The	  main	  drawback	  of	  this	  technique	  is	  that	  it	  
is	  limited	  to	  very	  thin	  samples	  due	  to	  high	  intensity	  axial	  side	  lobes	  in	  the	  PSF.	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2.3.6 I2M,	  I3M	  and	  I5M	  
I2M,	   I3M	  and	   I5M	  all	   involve	  the	  use	  of	  opposing	  objective	   lenses.	   I2M	  relies	  on	  the	   interference	  of	  
emission	  collected	   from	  both	  objective	   lenses	   to	  produce	  an	   interferogram	  on	  a	  CCD	  camera	   [52].	  
Several	   images	   can	   be	   acquired	   at	   different	   focal	   planes	   and	   then	   processed	   to	   obtain	   enhanced	  
axial	  resolution.	  I3M	  uses	  low	  coherence	  wide-­‐field	  illumination	  through	  both	  objective	  lenses	  [52].	  
Similarly	  to	  standing	  wave	  microscopy,	  constructive	  interference	  at	  the	  focal	  plane	  creates	  a	  set	  of	  
nodes	  and	  anti-­‐nodes	  along	  axial	  extent	  of	  the	  illumination	  pattern,	  which	  results	  in	  improved	  axial	  
resolution.	   I5M	   combines	   I2M	   and	   I3M	   to	   achieve	   axial	   resolution	   ~3.5	   times	   better	   than	   confocal	  
microscopy	  [53].	  
2.3.7 4-­‐Pi	  Microscopy	  
4-­‐Pi	  microscopy	  is	  a	  scanning	  microscopy	  technique	  that	  involves	  the	  use	  of	  two	  opposing	  objective	  
lenses	  [54].	  The	  sample	   is	  placed	  between	  the	  objectives,	  which	  are	  arranged	  such	  that	  their	   focal	  
points	   overlap.	   Coherent	   illumination	   is	   focused	   through	   both	   objectives	   resulting	   in	   constructive	  
interference	  at	   the	   focal	  point	  of	   the	   system	  creating	  an	   illumination	  PSF	  with	   lateral	   FWHM	  ~1.5	  
times	  smaller	  than	  a	  confocal	  PSF	  and	  axial	  FWHM	  ~7	  times	  smaller	  than	  a	  confocal	  PSF	  [55].	  	  
2.3.8 Theta	  Microscopy	  
Confocal	   theta	   microscopy	   uses	   two	   objectives	   that	   are	   arranged	   orthogonally	   to	   focus	   on	   a	  
common	  point	   in	   the	   sample	   [56].	   The	   sample	   is	   illuminated	   through	  one	  of	   the	  objectives,	  while	  
fluorescence	   emission	   is	   collected	   through	   the	   second	   objective.	   This	   form	   of	   microscopy	   offers	  
improved	   axial	   resolution	   since	   the	   effective	   PSF	   is	   essentially	   the	   product	   of	   the	   two	  
perpendicularly	  arranged	  PSFs	  of	  the	  objectives	  as	  shown	  in	  Figure	  11.	  
	  
Figure	  11	  –	  Illustration	  of	  the	  theta	  microscopy	  concept.	  The	  orthogonally	  arranged	  excitation	  and	  detection	  PSFs	  (left)	  
form	  a	  combined	  effective	  PSF	  (right)	  that	  offers	  improved	  resolution.	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2.3.9 Structured	  Illumination	  Microscopy	  
Structured	  illumination	  microscopy	  (SIM)	  is	  a	  wide-­‐field	  technique	  in	  which	  the	  sample	  is	  illuminated	  
with	  a	  patterned	  intensity	  profile.	  SIM	  can	  be	  implemented	  in	  two	  distinct	  ways;	  the	  first	  is	  used	  to	  
provide	  enhanced	  optical	  sectioning	  and	  the	  second	  is	  used	  to	  provide	  improved	  lateral	  resolution.	  	  
2.3.9.1 SIM	  for	  optical	  sectioning	  
SIM	  can	  provide	   improved	  optical	   sectioning	  by	  utilising	   the	   fact	   that	  non-­‐zero	   spatial	   frequencies	  
are	   attenuated	   with	   increasing	   defocus.	   In	   a	   structured	   illumination	   microscope	   a	   sinusoidal	  
illumination	   pattern	   is	   projected	   into	   the	   focal	   plane	   of	   the	   objective	   lens.	   When	   an	   incoherent	  
source	   is	   used	   for	   illumination,	   the	  higher	   spatial	   frequencies	   are	   rapidly	   attenuated	  at	   increasing	  
axial	   distances	   from	   the	   focal	   plane	   and	   the	   zero	   spatial	   frequency	   remains	   unaffected.	   This	  
manifests	  as	  a	  progressive	  blurring	  out	  of	  the	  illumination	  pattern,	  which	  is	  eventually	  replaced	  by	  a	  
homogenous	  blur.	  Thus,	  emission	  excited	  in	  a	  fluorescent	  sample	  will	  only	  be	  modulated	  close	  to	  the	  
focal	  plane.	  Several	   fluorescence	   images	  are	   taken	  with	  different	   lateral	  positions	   (phase	  shifts)	  of	  
the	   grid	   pattern,	   which	   are	   then	   processed	   to	   achieve	   a	   final	   un-­‐modulated,	   optically	   sectioned	  
image.	  
2.3.9.2 SIM	  for	  improved	  lateral	  resolution	  improvement	  
The	   concept	  of	   SIM	   for	   lateral	   resolution	   improvement	   is	   to	  move	  otherwise	  unobservable	   spatial	  
frequency	   information	   into	   the	   region	   of	   frequency	   space	   that	   is	   observable	   by	   the	   microscope	  
objective	   [57].	   This	   is	   achieved	  by	   introducing	   spatial	   frequency	   to	   the	   illumination	  pattern	  of	   the	  
microscope,	   which	   can	   then	   interact	   with	   the	   spatial	   frequency	   information	   of	   the	   sample	   to	  
produce	  beat	  frequencies	  in	  the	  form	  of	  moiré	  fringes,	  as	  shown	  in	  Figure	  12.	  
	  
Figure	  12	  –	  Illustration	  of	  the	  interaction	  of	  a	  sinusoidal	  illumination	  pattern	  with	  the	  structure	  of	  a	  fluorescent	  sample	  
to	  form	  a	  Moiré	  fringe	  pattern.	  
In	   a	   fluorescence	   microscope	   utilizing	   an	   objective	   lens	   with	   numerical	   aperture	   𝑁𝐴	   and	  
fluorescence	  emission	  wavelength	  𝜆!"	  the	  maximum	  observable	  spatial	  frequency	  𝑘!  is	  defined	  as	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𝑘! = 2𝑁𝐴𝜆!" 	   	   (33)	  
Where	  𝑘!	  is	  also	  referred	  to	  as	  the	  cut-­‐off	  frequency.	  
If	  a	  sample	  that	  contains	  spatial	  frequency	  𝑘!"#$%& 	  is	  illuminated	  with	  an	  intensity	  pattern	  of	  spatial	  
frequency	  𝑘!""#$	   then	   the	   observed	   emission	   signal	  will	   consist	   of	  moiré	   fringes	   at	   the	   difference	  
frequency	   𝑘!"#$é = 𝑘!"#$%& − 𝑘!""#$ 	   	   (34)	  
These	   fringes	   are	   observable	   by	   the	   microscope	   objective	   lens	   provided	   𝑘!"#$% 	   lies	   within	   the	  
frequency	  space	  boundary	  dictated	  by	  the	  cut-­‐off	  frequency	  i.e.	  
|𝑘!"#$é| < 𝑘! 	   	   (35)	  
The	   spatial	   frequency	   of	   the	   projected	   illumination	   pattern	   is	   restricted	   by	   the	   lens	   numerical	  
aperture	  in	  the	  same	  way	  that	  the	  emission	  signal	  is.	  This	  means	  that	  the	  highest	  possible	  value	  of	  𝑘!""#$	   is	  ~𝑘!.	  The	  highest	  observable	  sample	  frequency	  𝑘!"#$%& 	   is	   therefore	  ≈ 2𝑘!,	  corresponding	  
to	  Moiré	  fringes	  with	  spatial	   frequency	  at	  the	  cut-­‐off	   limit	  of	  the	   lens.	  Since	  the	  highest	   frequency	  
observable	  by	  the	  system	  has	  been	  doubled,	  the	  resolution	  of	  the	  system	  is	  doubled.	  
In	  this	  form,	  SIM	  is	  not	  considered	  to	  be	  a	  super-­‐resolution	  technique.	  However,	  it	  can	  be	  extended	  
to	   obtain	   theoretically	   unlimited	   resolution	   by	   saturation	   of	   the	   fluorescence	   emission	   [58].	   This	  
technique	  is	  referred	  to	  as	  nonlinear	  SIM	  or	  saturated	  SIM	  (SSIM)	  and	  will	  be	  discussed	  in	  the	  next	  
section.	  
2.4 Diffraction	  Unlimited	  Microscopy	  Techniques	  
2.4.1 Localisation	  microscopy	  
Localisation	  microscopy	   is	  an	  umbrella	  term	  for	  a	  number	  of	   fluorescence	   imaging	  techniques	  that	  
all	  rely	  on	  precise	  localisation	  of	  single	  fluorescent	  molecules.	  Fluorescent	  samples	  can	  be	  viewed	  as	  
an	  array	  of	  fluorescent	  molecules,	  each	  of	  which	  acts	  as	  a	  point	  source	  when	  imaged	  with	  a	  wide-­‐
field	  fluorescence	  microscope.	  Each	  point	  source	  emitter	  then	  forms	  its	  own	  independent	  PSF	  in	  the	  
image	  plane.	  If	  every	  point	  source	  emits	  simultaneously	  then	  the	  image	  formed	  represents	  a	  simple	  
summation	  of	  the	  PSFs	  formed	  by	  all	  the	  individual	  point	  source	  emitters.	  Figure	  13	  shows	  a	  cartoon	  
of	  this	  scenario.	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Figure	  13	  –	  Cartoon	  of	  emitter	  distribution	  (left)	  and	  resultant	  diffraction	  limited	  fluorescence	  image	  (right).	  
As	  dictated	  by	  the	  Abbe	  limit	  (equation	  (14)),	  PSFs	  with	  spacing	  below	  a	  certain	  distance	  cannot	  be	  
resolved.	   However,	   if	   an	   emitter	   is	   sufficiently	   isolated	   from	   neighbouring	   emitters,	   such	   that	   its	  
corresponding	   PSF	   has	   no	   overlap	   with	   others	   in	   the	   image	   plane,	   then	   it	   can	   be	   localised	   with	  
precision	   far	   beyond	   the	   Abbe	   limit	   by	   finding	   the	   centroid	   of	   the	   PSF.	   In	   the	   presence	   of	   low	  
background	  counts	  and	  using	  a	  Gaussian	  model	  for	  the	  x-­‐y	  plane	  intensity	  profile	  of	  the	  PSF	  then	  the	  
error	  𝜎!"	  in	  the	  fitted	  position	  can	  be	  estimated	  as	  
𝜎!" ≈ 𝑆𝑁	   	   (36)	  
Where	  𝑆	  represents	  the	  standard	  deviation	  of	  the	  Gaussian	  profile	  used	  to	  model	  the	  PSF	  and	  𝑁	   is	  
the	  number	  of	  collected	  photons	  [59].	  Figure	  14	  shows	  an	  example	  of	  how	  a	  Gaussian	  profile	  can	  be	  
fitted	  to	  sampled	  data	  (i.e.	  from	  a	  camera),	  from	  which	  the	  fit	  centre	  position	  can	  be	  extracted.	  
	  
Figure	  14	  –	  Example	  of	  a	  Gaussian	  fit	  (blue	  line)	  to	  camera	  pixel	  data	  (red	  bars).	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Obviously,	  this	  technique	  cannot	  be	  applied	  to	  an	  image	  in	  which	  the	  PSFs	  exhibit	  significant	  overlap	  
with	   one	   another.	   Localisation	   microscopy	   techniques	   aim	   to	   introduce	   a	   modulation	   to	   the	  
fluorescent	   sample	   such	   that	   at	   any	   given	   instant	   only	   a	   sparse	   sub-­‐set	   of	  molecules	   is	   emitting.	  
Imaging	   then	   proceeds	   on	   a	   frame-­‐by-­‐frame	   basis	   with	   each	   frame	   consisting	   of	   a	   set	   PSFs	  
corresponding	  to	  different	  emitters	  in	  the	  sample.	  If	  the	  PSFs	  are	  sparse	  enough	  in	  each	  frame	  then	  
their	  positions	  can	  be	  accurately	  determined	  and	  a	  final	  super-­‐resolved	  image	  can	  be	  rendered	  using	  
the	  fitted	  PSF	  positions	  from	  all	  the	  collected	  frames.	  
Although	   there	   are	   many	   variations	   of	   localisation	   microscopy,	   the	   underlying	   philosophy	   is	   the	  
same,	   i.e.	  only	   image	  a	  sparse	  sub-­‐set	  of	  emitters	   in	  each	  frame.	  The	  techniques	  generally	  vary	  by	  
the	   type	   of	   fluorophore	   used,	   the	   mechanisms	   used	   to	   modulate	   the	   emission	   of	   individual	  
fluorophores	  and	  the	  methods	  used	  to	  process	  the	  data.	  
The	   original	   two	   variations	   of	   localization	  microscopy	   are	   photo-­‐activated	   localization	  microscopy	  
(PALM)	   [60]	   and	   stochastic	   optical	   reconstruction	   microscopy	   (STORM)	   [61],	   both	   of	   which	   were	  
reported	  in	  2006.	  
PALM	  utilises	  genetically	  expressed	  photoactivatable	  fluorescent	  proteins	  that	  can	  be	  switched	  from	  
an	  initial	  dark	  state	  to	  a	  fluorescent	  state	  using	  an	  activating	  pulse	  of	  light	  at	  a	  specific	  wavelength	  
(usually	  UV	  e.g.	  405	  nm).	  Using	  this	  effect	  a	  small	  subset	  of	  fluorescent	  proteins	  in	  the	  sample	  can	  be	  
activated	  and	  subsequently	  imaged	  until	  they	  are	  permanently	  photobleached.	  Then	  a	  new	  subset	  of	  
fluorescent	   proteins	   can	   be	   activated	   and	   imaged.	   This	   process	   continues	   to	   build	   up	   a	   complete	  
data	   set.	   FPALM	   is	   a	   variation	   of	   PALM	   in	   which	   a	   photoswitching	   protein	   is	   used	   that	   can	   be	  
reversibly	  switched	  between	  a	  dark	  and	  a	  fluorescent	  state	  [62].	  
STORM	  generally	  involves	  the	  use	  of	  organic	  dyes	  that	  are	  conjugated	  to	  proteins	  of	  interest	  e.g.	  by	  
immunolabelling.	   The	   requirement	   for	   STORM	   is	   that	   the	   dye	   exhibits	   stochastic	   photoblinking,	  
where	  the	  fluorophores	  exhibit	  transient	  fluorescence	  due	  to	  the	  presence	  of	  a	  long	  lived	  dark	  state.	  
This	  photoblinking	  phenomenon	  ensures	  that	  a	  different	  subset	  of	  emitters	  is	  present	  in	  each	  frame.	  
Photoblinking	   is	   induced	  by	   the	   introduction	  of	  a	  chemical	  buffer	  and	  application	  of	  high	   intensity	  
laser	  illumination.	  Figure	  15	  shows	  individual	  frames,	  taken	  during	  STORM	  imaging	  of	  a	  mammalian	  
cell	   in	  which	   tubulin	   is	   labelled	  with	  Alexa	   647	  by	   immunolabelling,	   along	  with	   the	   corresponding	  
wide-­‐field	  and	  rendered	  super-­‐resolution	  images.	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Figure	  15	  –	  Individual	  frames	  (top)	  from	  a	  STORM	  experiment	  showing	  subsets	  of	  fluorescing	  Alexa	  647	  dye	  molecules	  
conjugated	   to	  microtubules	   in	   a	  mammalian	   cell.	   Corresponding	  wide-­‐field	   (bottom	   left)	   image	   and	   rendered	   super-­‐
resolution	  image	  (bottom	  right).	  Data	  kindly	  provided	  by	  Dr	  Kwasi	  Kwaka,	  Imperial	  College	  London.	  
Localisation	  microscopy	  methods	  generally	  involve	  only	  simple	  instrumentation,	  such	  as	  a	  standard	  
wide-­‐field	   or	   TIR	   fluorescence	   microscope,	   which	   makes	   these	   techniques	   very	   accessible.	  
Multicolour	  [63],	  three	  dimensional	  [64]	  and	  live	  cell	  imaging	  [65]	  have	  all	  been	  demonstrated	  using	  
the	  single	  molecule	  localisation	  principle.	  
2.4.2 Saturated	  structured	  illumination	  microscopy	  
Saturated	   structured	   illumination	   microscopy	   (SSIM)	   is	   a	   non-­‐linear	   version	   of	   SIM	   (described	  
earlier),	   that	   has	   theoretically	   unlimited	   resolution	   [58].	   This	   technique	   exploits	   the	   ability	   to	  
saturate	   the	   fluorescence	   in	   the	  sample	  by	   increasing	   the	   intensity	  of	   illumination.	  This	   is	  possible	  
due	  to	  the	  fluorescence	  lifetime	  of	  fluorescent	  molecules.	  Ordinarily	  fluorescence	  saturation	  leads	  to	  
a	  broadening	  of	   the	  PSF	   in	  a	   fluorescence	  microscope,	  and	   thus	  worse	   resolution.	  However,	  when	  
operating	  in	  a	  SIM	  modality,	  saturation	  of	  fluorescence	  excited	  by	  the	  sinusoidal	  illumination	  pattern	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results	   in	  higher	  spatial	   frequency	  components	  appearing	   in	  the	  effective	   illumination	  pattern	  as	   it	  
approaches	  a	  square	  wave.	  This	  is	  effect	  is	  shown	  qualitatively	  in	  Figure	  16.	  
	  
Figure	  16	  -­‐	  Simulated	  sinusoidal	  excitation	  patterns	  showing	  saturation	  of	  fluorescence	  with	  increasing	  excitation	  
intensity.	  
If	  we	  revisit	  equation	  (34),	  𝑘!""#$	  is	  no	  longer	  limited	  by	  the	  numerical	  aperture	  of	  the	  system.	  This	  
in	  turn	  means	  that	  sample	  spatial	  frequencies	  𝑘!"#$%& 	  higher	  than	  2𝑘!	  can	  now	  be	  moved	  into	  the	  
region	  of	  frequency	  space	  observable	  by	  the	  objective	  lens.	  In	  theory,	  the	  resolution	  achievable	  with	  
SSIM	   is	   only	   limited	   by	   the	   available	   excitation	   intensity.	   However,	   higher	   intensity	   illumination	  
incurs	  a	  cost	  in	  the	  form	  of	  photobleaching	  and/or	  phototoxicity.	  
2.4.3 Stimulated	  Emission	  Depletion	  Microscopy	  
Stimulated	  emission	  depletion	  (STED)	  microscopy	  provides	  super-­‐resolution	  imaging	  via	  the	  creation	  
of	  a	  diffraction	  unlimited	  fluorescent	  PSF	  that	  is	  scanned	  across	  the	  sample.	  This	  technique	  provides	  
raw	   super-­‐resolution	   data	   that	   does	   not	   require	   any	   computational	   processing.	   The	   core	   idea	   of	  
STED	  microscopy	  is	  to	  apply	  a	  coordinate	  targeted	  suppression	  of	  fluorescence	  emission	  in	  order	  to	  
create	  a	   fluorescence	  PSF	   that	   is	  below	   the	  diffraction	   limit.	   The	  concept	  of	   STED	  microscopy	  was	  
first	  proposed	  by	  Stefan	  Hell	  and	   Jan	  Wichmann	   in	  1994	   [66],	  and	  was	  practically	   realised	   in	  1999	  
[67].	  
The	   mechanism	   by	   which	   fluorescence	   emission	   is	   suppressed	   is	   stimulated	   emission.	   Figure	   17	  
shows	   an	   extended	   Jablonski	   diagram	   illustrating	   the	   processes	   of	   excitation,	   spontaneous	   decay	  
and	  stimulated	  emission	  in	  a	  fluorophore.	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Figure	  17	  –	  Extended	  Jablonski	  diagram	  showing	  excitation,	  spontaneous	  decay	  and	  stimulated	  emission	  mechanisms	  
along	  with	  possible	  intersystem	  crossing	  to	  a	  triplet	  state.	  	  
STED	  microscopes	  employ	  two	  lasers	  operating	  at	  different	  wavelengths;	  one	  for	  excitation	  and	  one	  
for	   stimulated	  emission	  depletion.	   In	  most	  cases	  both	   lasers	  operate	   in	  a	  pulsed	  modality	  and	   the	  
imaging	  sequence	  begins	  with	  a	  pulse	  of	  excitation	  light	  that	  is	  focused	  to	  a	  diffraction	  limited	  spot	  
in	  the	  sample.	  Absorption	  of	  the	  photons	  in	  the	  excitation	  focus	  promotes	  fluorophores	  that	  reside	  
within	   the	   focus	   from	   their	   ground	   state	   𝑆!	   to	   their	   first	   excited	   state	   𝑆!	   at	   a	   rate	   𝑘!".	   The	  
fluorophores	   can	   then	   be	   allowed	   to	   relax	   back	   to	   the	   ground	   state	   by	   spontaneous	   decay	  
(fluorescence)	  at	  a	  rate	  𝑘!!	  and	  with	  a	  certain	  quantum	  yield	  𝑞 ≤ 1,	  or	  the	  much	  less	  likely	  process	  
of	  intersystem	  crossing	  to	  a	  triplet	  stat	  𝑇!	  can	  occur.	  However,	  if	  a	  pulse	  of	  depletion	  light	  is	  incident	  
on	   the	   fluorophore	   while	   it	   is	   still	   in	   its	   excited	   state,	   then	   these	   incident	   photons	   are	   able	   to	  
stimulate	  the	  transition	  of	  the	  fluorophore	  back	  to	  the	  ground	  state	  via	  emission	  of	  a	  photon	  with	  
the	   same	   energy	   and	   phase	   as	   the	   depletion	   photons.	   This	   process	   is	   stimulated	   emission	   and	  
represents	   a	   suppression	   of	   fluorescence.	   Thus,	   if	   a	  microscopy	   system	   is	   configured	   to	   block	   the	  
depletion	   wavelength	   from	   reaching	   the	   detector,	   then	   the	   fluorophore	   appears	   dark	   wherever	  
sufficient	   stimulated	   emission	   has	   taken	   place.	   To	   be	   able	   to	   cause	   stimulated	   emission,	   the	  
wavelength	   of	   the	   depletion	   laser	  must	   fall	   within	   the	   emission	   curve	   of	   the	   fluorophore,	   where	  
there	  is	  a	  non-­‐zero	  cross-­‐section	  for	  stimulated	  emission.	  The	  cross-­‐section	  for	  stimulated	  emission	  𝜎!"#$	  is	  highest	  for	  wavelengths	  overlapping	  with	  the	  maximum	  of	  the	  emission	  curve.	  However,	  the	  
wavelength	  depletion	  laser	  is	  most	  commonly	  chosen	  such	  that	  it	  overlaps	  with	  the	  low	  energy	  tail	  
of	   the	  emission	  curve.	  This	   is	  so	  that	  the	  majority	  of	   the	  spectral	  band	   into	  which	  the	  fluorophore	  
emits	  can	  be	  reserved	  for	  detection	  of	   fluorescence	  and	  also	  to	  avoid	  any	  potential	  overlap	  of	   the	  
depletion	  laser	  with	  the	  low	  energy	  tail	  of	  the	  absorption	  spectrum,	  which	  could	  cause	  issues	  such	  as	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re-­‐excitation	  of	   the	   fluorophore.	   If	   the	  depletion	   laser	   is	   focused	  to	  a	  diffraction	   limited	   focus	  and	  
overlaid	  with	   the	   excitation	   focus,	   then	   the	   depletion	   of	   fluorescence	  would	   simply	   decrease	   the	  
collected	   fluorescence	   signal.	   To	   enable	   coordinate	   targeted	   suppression	   of	   fluorescence,	   the	  
depletion	   light	   is	   instead	   focused	   to	   form	   a	   “doughnut”	   shaped	   focus	   with	   a	   central	   zero,	   by	  
application	  of	  an	  appropriate	  phase	  to	  the	  depletion	   laser	  beam	  [68].	  This	   is	  then	  overlapped	  with	  
the	  excitation	  focus	  as	  shown	  in	  Figure	  18.	  The	  effect	  of	  this	   is	  to	  suppress	  the	  fluorescence	  at	  the	  
periphery	   of	   the	   excitation	   focus	   while	   leaving	   the	   fluorescence	   in	   the	   centre	   unperturbed.	   The	  
resulting	   fluorescent	   volume	   is	   now	   smaller	   than	   the	   diffraction	   limited	   PSF,	   thus	   increasing	   the	  
resolution	  of	   the	   system.	   If	   the	   intensity	  of	   the	  depletion	   focus	   is	   then	   increased	   then	   the	   rate	  of	  
stimulated	  emission	  𝑘!"#$	  is	  increased	  and	  the	  fluorescent	  volume	  becomes	  increasingly	  narrow,	  as	  
shown	  in	  Figure	  18.	  
	  
Figure	  18	  –	  Illustration	  of	  diffraction	  limited	  excitation	  focus,	  doughnut	  shaped	  depletion	  focus,	  overlaid	  excitation	  and	  
depletion	  foci	  along	  with	  resultant	  fluorescence	  PSFs	  with	  increasing	  STED	  intensity.	  
Theoretically,	  the	  resolution	  is	  now	  only	   limited	  by	  the	  available	  depletion	  intensity.	   If	  a	  saturation	  
intensity,	   𝐼!"#,	   is	   defined	   as	   the	   depletion	   intensity	   at	   which	   the	   probability	   of	   fluorescence	   is	  
reduced	  by	  50%	  then	  it	  can	  be	  shown	  that	  the	  fraction	  of	  remaining	  fluorescence,	  𝜂(𝑥, 𝑦),	  at	  each	  
coordinate	  is	  well	  described	  by	  
𝜂(𝑥, 𝑦) = exp − 𝑙𝑛 2 𝐼!"#$ 𝑥, 𝑦𝐼!"# 	   	   (37)	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Where	   𝐼!"#$(𝑥, 𝑦)	   is	   the	   intensity	   of	   the	  depletion	  PSF	   [69].	   The	   effective	   PSF	  of	   the	  microscope,	  ℎ!""(𝑥, 𝑦),	   can	   then	   be	   determined	   by	   multiplication	   of	   the	   excitation	   PSF,	   ℎ!"#(𝑥, 𝑦),	   with	   the	  
suppression	  factor	  𝜂(𝑥, 𝑦)	   ℎ!"" = ℎ!"#   ×  𝜂(𝑥, 𝑦)	   	   (38)	  
The	  FWHM	  of	  ℎ!""	   is	   thus	  dependent	  on	   the	  shape	  of	   the	  central	  minimum	  of	   the	  depletion	  PSF,	  𝐼!"#$(𝑥, 𝑦),	  which	   can	   be	   approximated	   as	   a	   parabola	  with	   its	  minimum	   value	   at	   the	   focal	   point.	  
Along	  the	  𝑥	  direction	  only	  the	  depletion	  intensity	  profile	  is	  then	  written	  as	  
𝐼!"#$ 𝑥 = 4𝐼!"#$𝑎!𝑥! 	   	   (39)	  
Where	  𝑎	  is	  the	  steepness	  of	  the	  parabola.	  If	  the	  excitation	  PSF	  is	  modelled	  as	  a	  Gaussian	  
ℎ!"# 𝑥 = exp − 𝑥!𝑑!"#! 	   	   (40)	  
where	  𝑑!"# 	   is	  the	  width	  of	  the	  PSF	  (dependant	  on	  the	  objective	  NA	  and	  wavelength	  of	  excitation),	  
then	  the	  effective	  PSF	  can	  then	  be	  written	  as	  Gaussian	  	  
ℎ!"" 𝑥 = exp   −4 ln 2 𝑥! 𝑑!"#!! +𝑎!𝜍 	   	   (41)	  
Where	  the	  saturation	  factor	  𝜍	  has	  been	  introduced,	  
𝜍 = 𝐼!"#$𝐼𝑠𝑎𝑡   	   	   (42)	  
The	  width	  𝑑	  of	  the	  Gaussian	  describing	  the	  effective	  PSF	  (and	  hence	  the	  resolution	  of	  the	  system)	  is	  
𝑑 = 𝑑!"#1 + 𝑑!"#! 𝑎!𝜍  	   	   (43)	  
If	  𝑑!"#,	  and	  𝑎	  are	  considered	  to	  be	  constant	  then	  the	  resolution	  scaling	  of	  the	  system	  Δ𝑟	  can	  then	  be	  
written	  as	  
Δ𝑟 ∝ 11 + 𝐼!"#$𝐼!"#   	   	   (44)	  
i.e.	  the	  resolution	  of	  the	  system	  follows	  an	  inverse	  square	  root	  trend	  with	  increasing	  STED	  intensity.	  
In	   reality,	  physical	   constraints	   such	  as	  photostability,	  mechanical	  drift,	  damage	   threshold	  of	  optics	  
etc.	   ultimately	   place	   their	   own	   limits	   on	   the	   highest	   resolution	   possible.	   The	   highest	   resolution	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reported	   to	   date	   using	   STED	  microscopy	  was	   ~	   2.4	   nm,	  where	   extremely	   photostable	  NV-­‐	   centres	  
were	  imaged	  using	  very	  high	  depletion	  intensity	  [70].	  In	  biological	  samples,	  resolution	  of	  20	  –	  50	  nm	  
is	  more	  typical	  [71].	  It	  is	  also	  possible	  to	  perform	  STED	  microscopy	  with	  continuous	  wave	  depletion	  
lasers	  [72].	  In	  these	  cases	  the	  instantaneous	  depletion	  intensity	  is	  much	  lower	  than	  is	  achieved	  with	  
pulsed	   depletion	   lasers,	   thus	   suppression	   of	   fluorescence	   requires	   higher	   average	   power.	   Time-­‐
gating	  strategies	  can	  be	  applied	  to	  the	  fluorescence	  detection	  to	  alleviate	  the	  power	  requirements	  in	  
CW-­‐STED	  [73].	  
Multi-­‐label	  [27],	  three	  dimensional	  [74]	  and	  live	  cell	  STED	  have	  all	  been	  demonstrated	  [75].	  Recently,	  
~2000	   fold	   parallelisation	   of	   STED	   microscopy	   has	   been	   demonstrated	   using	   depletion	   patterns	  
generated	  by	  optical	  lattices	  or	  incoherently	  crossed	  standing	  waves	  [76],	  [77].	  
2.4.4 Reversible	  Saturable	  Optical	  Fluorescence	  Transition	  Microscopy	  
Reversible	   saturable	   optical	   fluorescence	   transition	   (RESOLFT)	   microscopy	   is	   a	   family	   of	   super-­‐
resolution	   methods	   that	   includes	   STED	   microscopy.	   It	   follows	   the	   same	   principle	   of	   coordinate	  
targeted	   suppression	   of	   fluorescence	   as	   is	   used	   in	   STED.	   Rather	   than	   exploiting	   depletion	   as	   the	  
suppression	  mechanism,	  RESOLFT	  microscopy	  can	  be	  implemented	  with	  fluorescent	  probes	  that	  can	  
be	   switched	   between	   a	   fluorescent	   “on	   state”	   and	   a	   non-­‐fluorescent	   “off	   state”	   by	   specific	  
wavelengths	  of	  light	  [78].	  The	  instrumentation	  involved	  is	  very	  similar	  to	  that	  used	  for	  STED,	  usually	  
involving	   the	   use	   of	   a	   doughnut	   shaped	   off-­‐switching	   focus.	   Imaging	   proceeds	   via	   a	   sequence	   of	  
optical	   pulses	   at	   each	   point	   in	   the	   sample.	   The	   first	   pulse	   in	   the	   sequence	   prepares	   a	   diffraction	  
limited	   volume	  of	   fluorophores	   into	   their	   fluorescent	   “on	   state”,	   the	   second	  pulse	   is	   focused	   to	   a	  
doughnut	   and	   acts	   to	   deactivate	   fluorophores	   at	   the	   periphery	   of	   the	   initializing	   pulse	   focus,	  
resulting	  in	  a	  volume	  of	  active	  fluorophores	  below	  the	  diffraction	  limit,	  and	  a	  third	  pulse	  is	  used	  to	  
generate	  fluorescence	  and	  hence	  provide	  a	  measurable	  signal.	  
The	  switching	  mechanisms	   involved	   in	  photoswitched	  RESOLFT	  occur	  on	  a	  much	  slower	   time	  scale	  
than	   stimulated	   emission,	   thus	   significantly	   increasing	   the	   acquisition	   time	   compared	   with	   STED	  
microscopy.	   The	   key	   advantage	   of	   photoswitched	   RESOLFT,	   however,	   is	   that	   it	   requires	   orders	   of	  
magnitude	  lower	  intensities	  to	  perform	  fluorescence	  suppression	  compared	  with	  STED	  or	  SSIM.	  For	  
this	  reason,	  photoswitched	  RESOLFT	  may	  offer	  greater	  compatibility	  with	  live	  cell	  imaging	  than	  other	  
super-­‐resolution	  techniques	  and	  has	  been	  demonstrated	  with	  living	  cells	  and	  tissue	  with	  resolution	  
below	  40	  nm	  [78].	  Although	  the	  long	  acquisition	  times	  initially	  present	  a	  problem,	  the	  low	  intensity	  
requirements	   of	   RESOLFT	   mean	   that	   the	   technique	   lends	   itself	   well	   to	   parallelisation.	   Recently	  
RESOLFT	   was	   demonstrated	   in	   a	   wide-­‐field	   configuration	   whereby	   the	   activation	   and	   readout	  
intensity	   profiles	  were	   provided	   by	   standard	  wide-­‐field	   illumination	   and	   the	   off-­‐switching	   pattern	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consisted	  of	  a	  grid	  formed	  by	  an	  incoherent	  addition	  of	  orthogonal	  standing	  waves	  [79].	  Effectively,	  
this	  off-­‐switching	  grid	  presented	  the	  equivalent	  of	  ~100,000	  doughnut	  PSFs	  allowing	  an	  entire	  super-­‐
resolved	  field	  of	  view	  of	  ~	  100µm2	  to	  be	  acquired	  in	  approximately	  3	  seconds.	  Figure	  19	  illustrates	  
the	  concept	  of	  parallelised	  RESOLFT.	  
	  
Figure	  19	  -­‐	  Illustration	  of	  parallelised	  RESOLFT	  microscopy	  showing	  wide-­‐field	  activation/readout	  illumination,	  off-­‐
switching	  grid	  and	  resultant	  arrays	  of	  fluorescent	  PSFs	  with	  increasing	  off-­‐switching	  intensity.	  
Obviously	  this	  technique	  still	  requires	  some	  degree	  of	  scanning.	  However,	  it	  was	  shown	  that	  a	  field	  
of	  view	  consisting	  of	  1,200	  ×	  1,040	  pixels	  could	  be	  acquired	  with	  only	  144	  scanning	  steps,	  while	  an	  
equivalent	   image	   acquired	  using	   a	   point	   scanning	   technique	  would	   require	  over	   one	  million	   steps	  
[79].	  Parallelised	  RESOLFT	  has	  been	  extended	  to	  two	  colours	  via	  use	  of	  two	  switchable	  fluorescent	  
proteins	  with	  similar	  spectra	  but	  different	  kinetics	  of	  switching	  and	  fluorescence	  emission	  [80].	  
2.5 Chapter	  conclusions	  
This	  chapter	  has	  provided	  an	  introduction	  to	  the	  principles	  of	  fluorescence	  microscopy	  along	  with	  a	  
description	   of	   the	  main	   properties	   of	   fluorescence	   that	   are	   exploited	   to	   enable	  multidimensional	  
fluorescence	  microscopy.	   Common	   implementations	   of	   fluorescence	  microscopy	   were	   introduced	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and	  the	   limited	  spatial	   resolution	  of	   these	  techniques	  was	  discussed.	  The	  main	  methods	  that	  have	  
been	   employed	   to	   perform	   imaging	   beyond	   the	   diffraction	   limit	   were	   introduced	   with	   specific	  
attention	  paid	  to	  SIM,	  SSIM,	  PALM/STORM,	  STED	  and	  RESOLFT,	  since	  these	  are	  the	  most	  prominent	  
techniques	  used	  at	  the	  time	  of	  writing	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Chapter	  3. 3D-­‐STED	  Microscopy	  
The	   past	   decade	   has	   seen	   a	   rapid	   development	   of	   STED	   microscopy.	   While	   the	   initial	   STED	  
microscopy	  setups	  pioneered	  sub-­‐diffraction	  resolution	  imaging	  they	  were	  based	  upon	  complex	  and	  
expensive	   laser	   sources	   such	   as	   Ti:Sapphire	   lasers	   and	   optical	   parametric	   oscillators.	  Much	   of	   the	  
development	  of	  STED	  instrumentation	  has	  been	  focused	  on	  simplification	  in	  order	  to	  challenge	  the	  
perception	  that	   it	   is	  necessarily	  a	   laborious	  and	  costly	  technique	  and	  to	  promote	  STED	  as	  a	  simple	  
bolt-­‐on	   to	  a	   standard	  confocal	  microscope.	  At	   the	  point	  of	  writing,	   STED	  microscope	  designs	  have	  
already	  been	  presented	  that	  have	  solved	  many	  of	  the	  alignment	  and	  stability	  challenges	  commonly	  
associated	  with	  STED	  and	   that	  even	   challenge	   the	   cost	   levels	  of	   standard	  multifunctional	   confocal	  
microscopes	  [71].	  
Commercial	   STED	   microscopes	   are	   on	   the	   market	   (Leica	   Microsystems,	   Abberior	   Instruments,	  
PicoQuant)	  often	  offering	  multi-­‐colour	  imaging.	  However,	  until	  recently	  these	  were	  limited	  to	  STED	  
for	   lateral	   resolution	   improvement	   and	   thus	   restricted	   to	   2D	   imaging.	   It	   is	   clear	   that	   there	   is	   still	  
work	   to	   be	   done	   to	   improve	   the	   accessibility	   of	   STED	   as	   a	   3D	   technique	   including	   simplifying	  
alignment,	   improving	   robustness,	   reducing	   costs	   and	   addressing	   optical	   aberrations	   experienced	  
when	  imaging	  at	  depth	  in	  aberrating	  specimens	  such	  as	  live	  cells,	  tissue	  or	  bulk	  materials.	  
Previous	  work	   at	   Imperial	   College	   London	   resulted	   in	   the	   development	   of	   the	   first	   reported	   STED	  
system	  employing	   supercontinuum	   laser	   technology	   [81],	   [82].	   This	   chapter	  details	   the	  design	  and	  
characterization	  of	  a	  STED	  microscope	  that	  builds	  upon	  this	  previous	  work	  to	   incorporate	  adaptive	  
optics	  and	  two	  separate	  depletion	  PSFs	  that	  are	  robustly	  aligned	  to	  one	  another	  by	  design	  to	  allow	  
3D	  super-­‐resolved	  imaging.	  It	  is	  believed	  that	  the	  presented	  design	  represents	  the	  most	  convenient	  
and	   robust	   solution	   for	   3D-­‐STED	   to	  date	  while	   also	  offering	   considerable	   flexibility	   via	   tunable	   3D	  
super-­‐resolution,	  adaptive	  optics	  and	  a	  wide	  range	  of	  excitation	  wavelengths.	  Also	  presented	  is	  the	  
application	  of	  the	  instrument	  to	  the	  first	  reported	  3D	  super-­‐resolved	  imaging	  of	  the	  immune	  synapse	  
in	  its	  natural	  configuration	  [83]	  and	  to	  the	  imaging	  of	  nitrogen	  vacancy	  centres	  in	  bulk	  diamond.	  The	  
chapter	  is	  structured	  as	  shown	  below.	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3.1 3D-­‐STED	  Microscopy	  Instrumentation	  
The	   instrumentation	   described	   in	   this	   chapter	   is	   based	   upon	   a	   previously	   described	   STED-­‐FLIM	  
microscope	  [81],	  [82]	  built	  upon	  the	  following	  key	  technologies:	  
• Ultrafast	  laser	  sources	  
• Fibre	  based	  supercontinuum	  generation	  
• Liquid	  crystal	  spatial	  light	  modulator	  devices	  
• Time	  correlated	  single	  photon	  counting	  (TCSPC)	  
The	   utilisation	   of	   these	   technologies	   enables	   the	   development	   of	   a	   flexible	   instrument	   with	   the	  
potential	   for	  aberration	  corrected	  3D	  super-­‐resolution	   imaging	  extended	  to	  two	  or	  more	   labels	  via	  
fluorescence	  lifetime	  measurement	  or	  excitation	  resolved	  imaging.	  	  
The	   laser	   source	  used	   in	   this	   instrument	   is	  a	  mode-­‐locked	   titanium	  doped	  sapphire	   laser	   (Spectra-­‐
Physics,	  Mai	  Tai	  HP).	  This	   laser	  provides	  ultrafast	  pulses	  (<	  100	  fs)	  at	  80	  MHz	  repetition	  rate	  and	  is	  
tuneable	   over	   the	   range	   690	   –	   1040	   nm.	   For	   the	   experiments	   discussed	   here,	   however,	   the	  
wavelength	  was	  generally	  kept	  fixed	  at	  780	  nm,	  which	  is	  optimal	  for	  the	  fluorophores	  used.	  At	  this	  
wavelength	   the	   laser	   provides	   approximately	   2.7	   Watts	   of	   average	   output	   power	   for	  
supercontinuum	  generation	  and	  stimulated	  emission	  depletion	  with	  this	  microscope.	  
3.1.1 Excitation	  beam	  generation	  using	  microstructured	  optical	  fibre	  
To	   generate	   pulses	   of	   suitable	   wavelength	   and	   pulse	   width	   for	   fluorescence	   excitation,	   the	  
femtosecond	   780	   nm	   pulses	   are	   coupled	   into	   a	   polarisation	   maintaining	   microstructured	   optical	  
fibre	  (MOF)	  in	  which	  a	  supercontinuum	  is	  formed	  (NL-­‐750-­‐PM,	  NKT	  Photonics,	  Denmark).	  This	  fibre	  
comprised	  a	  small	  silica	  core	  (diameter	  1.8	  µm)	  and	  a	  microstructured	  cladding	  formed	  by	  a	  periodic	  
arrangement	  of	  air	  holes	  between	  silica.	  Although	  the	  core	  and	  cladding	  are	  both	  made	  of	  silica,	  the	  
air	  holes	  in	  the	  cladding	  effectively	  modify	  the	  refractive	  index	  such	  that	  the	  difference	  in	  refractive	  
index	  between	  the	  core	  and	  the	  cladding	  is	  very	  high.	  This	  results	  in	  very	  strong	  confinement	  of	  the	  
pulses	  within	  the	  core	  of	  the	  fibre,	  which	  in	  turn	  increases	  the	  intensity	  and	  enhances	  the	  non-­‐linear	  
interaction	   between	   the	   light	   and	   the	   medium	   of	   propagation.	   Supercontinuum	   generation	   then	  
occurs	  through	  a	  combination	  of	  non-­‐linear	  processes	  occurring	  within	  the	  core	  of	  the	  fibre.	  These	  
non-­‐linear	  processes	  can	  include	  self-­‐phase	  modulation,	  four-­‐wave	  mixing	  and	  Raman	  scattering.	  
The	  arrangement	  used	  for	  supercontinuum	  generation	  is	  shown	  below	  in	  Figure	  20.	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Figure	  20	  -­‐	  Supercontinuum	  generation	  setup.	  HWP	  -­‐	  half-­‐wave	  plate,	  GLP	  -­‐	  Glan	  laser	  polarizer,	  BPF	  –	  bandpass	  filter,	  
MOF	  -­‐	  micro-­‐structured	  optical	  fibre,	  PM-­‐SMF	  -­‐	  polarisation	  maintaining	  single	  mode	  fibre.	  
The	  power	  output	  of	  the	  laser	  was	  controlled	  via	  a	  combination	  of	  a	  half-­‐wave	  plate	  and	  a	  Glan	  laser	  
polariser.	  Potential	  back	   reflections	   from	  optical	   surfaces	   (e.g.	   the	   surface	  of	  optical	   fibres),	  which	  
could	  interfere	  with	  the	  laser	  mode-­‐locking,	  were	  supressed	  with	  an	  optical	  isolator.	  The	  pulse	  train	  
was	  then	  split	  into	  two	  via	  a	  polarizing	  beam	  splitter	  cube.	  One	  of	  the	  beams	  was	  reserved	  for	  use	  as	  
the	  depletion	  source	  while	  the	  second	  was	  used	  for	  supercontinuum	  generation.	  The	   jacket	  of	  the	  
MOF	  was	  stripped	  using	  a	  standard	  stripping	  tool	  and	  the	  fibre	  was	  then	  cleaved	  using	  a	  diamond	  
scribe.	   The	   fibre	   was	   then	   clamped	   in	   a	   double	   V-­‐groove	   fibre	   holder	   (Martock	   Design,	   Elliot	  
Scientific)	  mounted	  on	  a	  precision	  three-­‐axis	  flexure	  stage	  with	  piezo	  actuators	  (Elliot	  Scientific).	  The	  
780	  nm	  pulse	  train	  was	  focused	  into	  the	  fibre	  using	  a	  20×	  objective	  lens	  and	  a	  half-­‐wave	  plate	  prior	  
to	   the	  objective	   lens	  was	  used	  to	  align	   the	   input	  polarisation	  to	  either	  of	   the	  principal	  axes	  of	   the	  
fibre.	  The	  output	  end	  of	  the	  fibre	  was	  clamped	  in	  a	  double	  V-­‐groove	  fibre	  holder	  (Martock	  Design,	  
Elliot	  Scientific)	  mounted	  on	  a	  second	  precision	  three-­‐axis	  flexure	  stage	  with	  manual	  adjustors	  (Elliot	  
Scientific)	  and	  the	  emergent	  beam	  was	  re-­‐collimated	  by	  another	  20×	  objective	   lens.	  Coupling	   into	  
the	  fibre	  was	  adjusted	  using	  two	  mirrors	  and	  the	  piezo	  actuators	  of	  the	  three	  axis-­‐flexure	  stage	  and	  
always	  starts	  at	  low	  power	  (<	  30	  mW)	  to	  prevent	  damage	  to	  the	  fibre	  surface.	  Coupling	  efficiency	  up	  
to	  30%	  was	  achieved	  at	  low	  power	  with	  a	  good	  cleave.	  Figure	  21	  shows	  an	  example	  supercontinuum	  
spectrum	  obtained	  with	  200	  mW	  input	  power	  at	  780	  nm.	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Figure	  21	  -­‐	  NL-­‐750-­‐PM	  output	  spectrum	  pumped	  at	  780	  nm	  with	  200	  mW	  power.	  
The	  supercontinuum	  was	  directed	   through	  a	  bandpass	   filter	   to	  obtain	  a	   spectral	  band	  appropriate	  
for	  excitation	  of	  the	  fluorophore	  under	  study.	  The	  bandpass	  filters	   included	  in	  the	  described	  setup	  
are	  shown	  in	  the	  table	  below,	  along	  with	  fluorophores	  that	  the	  resultant	  spectral	  bands	  can	  excite.	  
The	  excitation	   light	  was	  then	  reflected	  by	  a	  corner	  cube	  on	  a	   linear	   translation	  stage	  before	  being	  
coupled	   into	  a	  polarisation	  maintaining	  single	  mode	  fibre	   (P1-­‐488PM-­‐FC-­‐5,	  Thorlabs)	  which	  acts	   to	  
spatially	  filter	  the	  beam.	  
Filter	   Fluorophore	  
525/35	  nm	  (FF03-­‐525/50-­‐25	  ,	  Semrock)	   NV-­‐	  
575/25	  nm	  (FF03-­‐575/25-­‐25,	  Semrock)	   NV-­‐	  
593/40	  nm	  (FF01-­‐593/40-­‐25,	  Semrock)	   NV-­‐	  
609/54	  nm	  (FF01-­‐609/54-­‐25,	  Semrock)	   ATTO647/647N,	  STAR635/635P,	  NV-­‐	  
628/40	  nm	  (	  FF02-­‐628/40-­‐25,	  Semrock)	   ATTO647/647N,	  STAR635/635P	  
650	  nm	  short	  pass	  (FF01-­‐650/SP-­‐25,	  Semrock)	   NV-­‐	  
Table	  1-­‐	  Excitation	  filters	  available	  along	  with	  fluorophores	  commonly	  excited	  using	  the	  resultant	  excitation	  wavebands.	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3.1.2 Depletion	  beam	  generation	  
3.1.2.1 Pulse	  stretching	  optics	  
The	  majority	  of	  the	  average	  power	  available	  from	  the	  Ti:Sapphire	  source	  was	  used	  for	  the	  depletion	  
beam.	   Unfortunately,	   the	   high	   peak	   power	   femtosecond	   pulses	   provided	   by	   the	   laser	   are	   not	  
appropriate	   for	   STED	   microscopy	   due	   to	   their	   potential	   for	   unwanted	   two-­‐photon	   excitation	   or	  
increased	  photodamage	  of	  samples.	  It	  was	  thus	  necessary	  to	  temporally	  stretch	  the	  pulses	  in	  order	  
to	  decrease	  their	  peak	  power	  to	  acceptable	  levels.	  This	  was	  achieved	  using	  a	  combination	  of	  a	  block	  
of	  SF57	  glass	  and	  a	  100	  metre	  length	  of	  polarisation	  maintaining	  single	  mode	  optical	  fibre	  (PM-­‐SMF)	  
as	  shown	  in	  Figure	  22.	  
	  
Figure	  22	  -­‐	  Schematic	  of	  pulse	  stretching	  optics.	  PM-­‐SMF	  –	  polarisation	  maintaining	  single	  mode	  fibre,	  HWP	  –	  half-­‐wave	  
plate,	  XYZ	  –	  three	  axis	  flexure	  stage.	  The	  beam	  experiences	  a	  path	  length	  of	  ~1	  metre	  over	  multiple	  passes	  (not	  shown)	  
through	  the	  glass	  block.	  	  
The	   temporal	   stretching	   of	   the	   pulses	   is	   primarily	   achieved	   through	   the	   process	   of	   group	   velocity	  
dispersion	   (GVD),	   where	   different	   frequency	   components	   of	   the	   pulse	   propagate	   at	   different	  
velocities	  due	  to	  the	  different	  refractive	  indices	  experienced	  by	  each	  frequency.	  In	  a	  linear	  medium	  
the	  group	  velocity	  dispersion,	  D,	  is	  mathematically	  described	  as:	  
𝐷 = 𝜆𝑐 𝑑!𝑛𝑑𝜆! 	   (45)	  
The	   PM-­‐SMF	   alone	   is	   enough	   to	   temporally	   stretch	   the	   pulses.	   However,	   the	   high	   peak	   power	   of	  
femtosecond	   pulses	   gives	   rise	   to	   self-­‐phase	   modulation	   in	   the	   fibre	   that	   causes	   an	   unwanted	  
spectral	  broadening	  of	  the	  pulses.	  Self-­‐phase	  modulation	  (SPM)	  occurs	  as	  a	  result	  of	  the	  Kerr	  Effect	  
where	  the	  refractive	  index	  of	  the	  fibre	  material	  changes	  in	  response	  to	  the	  intensity	  of	  the	  incident	  
light:	   𝑛 = 𝑛! +   ∆𝑛	   (46)	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Where	  ∆𝑛 = 𝑛!𝐼	  and	  𝑛!	  is	  the	  non-­‐linear	  refractive	  index.	  The	  Kerr	  Effect	  causes	  a	  time-­‐dependent	  
phase	  shift	  that	  is	  related	  to	  the	  time-­‐dependent	  pulse	  intensity.	  The	  intensity	  at	  a	  given	  point	  in	  the	  
medium	   of	   propagation	   rises	   and	   then	   falls	   as	   the	   pulse	   passes	   through,	   thus	   producing	   a	   time-­‐
varying	  refractive	  index.	  This	  time-­‐varying	  refractive	  index	  causes	  a	  shift	  in	  the	  instantaneous	  phase	  
of	  the	  pulse,	  which	  in	  turn	  results	  in	  a	  shift	  in	  the	  instantaneous	  frequency	  (wavelength)	  of	  the	  pulse.	  
The	  leading	  edge	  of	  the	  pulse	  is	  shifter	  lower	  in	  frequency	  (red	  shifted)	  and	  the	  trailing	  edge	  of	  the	  
pulse	  is	  shifted	  higher	  in	  frequency	  (blue	  shifted).	  
Any	  spectral	  broadening	  of	  the	  depletion	  pulses	  is	  undesirable	  for	  a	  number	  of	  reasons.	  There	  is	  the	  
potential	  for	  the	  broadened	  spectral	  window	  of	  the	  pulses	  to	  leak	  into	  the	  detection	  channel	  of	  the	  
microscope	  and	  affect	  the	  contrast	  of	  images	  by	  swamping	  the	  fluorescent	  signal,	  or	  at	  high	  powers	  
even	  damage	   the	  detector.	   If	   the	   spectral	  broadening	   is	   severe	  enough	   then	   the	  blue	  edge	  of	   the	  
spectrum	  may	  overlap	  with	  the	  absorption	  curve	  of	  the	  fluorophore	  and	  directly	  excite	  fluorescence	  
(linearly)	  in	  the	  sample.	  Finally,	  the	  broader	  the	  spectral	  linewidth	  of	  the	  pulses,	  the	  more	  difficult	  it	  
is	  to	  accurately	  control	  their	  polarisation	  since	  wave	  plates	  are	  forced	  to	  operate	  further	  from	  their	  
design	  wavelengths.	  This	  has	  implications	  for	  the	  quality	  of	  the	  depletion	  point	  spread	  functions	  and	  
will	  be	  further	  discussed	  later	  in	  this	  chapter.	  
To	  mitigate	  potential	  non-­‐linear	  processes	  in	  the	  single	  mode	  fibre	  the	  pulses	  were	  pre-­‐stretched	  in	  
the	   SF57	   glass	   block.	   The	  multi-­‐passed	   beam	   experiences	   a	   total	   path	   length	   of	   approximately	   1	  
metre	   in	   the	   glass	   block.	   The	   ~100	   fs	   pulses	   are	   stretched	   out	   to	   ~5	   ps	   and	   their	   peak	   power	   is	  
reduced	   accordingly,	   thus	   greatly	   reducing	   intensity	   dependent	   non-­‐linear	   processes	   when	   the	  
pulses	   are	   subsequently	   coupled	   into	   the	   PM-­‐SMF.	   Despite	   this	   measure,	   significant	   spectral	  
broadening	  of	  the	  pulses	  was	  still	  evident	  as	  shown	  below	  in	  Figure	  23.	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Figure	  23	  -­‐	  Spectral	  broadening	  of	  depletion	  pulses	  with	  increased	  average	  power.	  Measured	  spectrum	  of	  pulses	  output	  
from	  PM-­‐SMF	  with	  0.015	  Watts	  input	  power	  (black	  line)	  and	  1.2	  Watts	  input	  power	  (red	  line).	  
The	   spectrum	  of	   the	   pulses	  was	  measured	   at	   different	   power	   levels	   using	   a	   spectrometer	   (Ocean	  
Optics,	  QE65000).	  The	  spectral	  width	  of	   the	  pulses	   increases	   from	  9	  nm	  at	  15	  mW	  power	   input	   to	  
the	  PM-­‐SMF	  to	  24	  nm	  with	  1.2	  Watts	  input	  to	  the	  PM-­‐SMF.	  
The	  temporal	  widths	  of	  the	  pulses	  at	  the	  output	  of	  the	  fibre	  were	  ~200	  ps,	  depending	  on	  the	  power	  
input.	  
3.1.3 Point	  Spread	  Function	  Engineering	  
Point	  spread	  function	  engineering	   is	  a	  key	  concept	   in	  the	  realization	  of	  a	  STED	  microscope	  since	   it	  
provides	   the	   means	   for	   co-­‐ordinate	   targeted	   switching	   off	   of	   fluorescence.	   The	   concept	   of	   point	  
spread	  function	  engineering	  is	  to	  modify	  the	  focus	  formed	  by	  an	  objective	  lens	  in	  some	  way	  that	  is	  
beneficial	   for	   a	   particular	   application.	   These	   applications	   include	   aberration	   correction	   for	  
microscopy	  and	  the	  creation	  of	  patterned	  foci	  for	  use	  in	  super-­‐resolution	  microscopy	  [81],	  [84].	  	  
In	   the	  1994	  paper	   that	  originally	   introduced	  the	  STED	  concept	  [66]	   it	  was	  proposed	  to	  overlay	   the	  
excitation	  focus	  with	  two	  laterally	  shifted	  diffraction	  limited	  depletion	  foci.	  The	  first	  implementation	  
of	   this	   arrangement	   was	   in	   1999	   [67]	   realising	   a	   ~30%	   improvement	   in	   lateral	   resolution	   using	   a	  
single	   offset	   depletion	   beam.	   	   Simultaneous	   improvement	   of	   axial	   and	   lateral	   resolution	   was	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demonstrated	   in	   2001	   [85],	   utilising	   the	   “ear-­‐shaped”	   side	   lobe	   structure	   of	   a	   single,	   regularly	  
focused	  depletion	  beam	  as	  shown	  in	  Figure	  24.	  
	  
Figure	  24	  -­‐	  Simulated	  focus	  in	  the	  x-­‐z	  plane	  with	  its	  ear-­‐shaped	  side	  lobe	  indicated	  by	  the	  yellow	  dashed	  ellipse	  
While	   a	   regularly	   focused	   laser	   beam	   is	   easy	   to	   implement	   and	   clearly	   achieves	   resolution	  
improvement,	   it	   represents	   an	   extremely	   inefficient	   use	   of	   the	   available	   laser	   power	   since	   the	  
majority	  of	  the	  intensity	  of	  the	  depletion	  focus	  is	  located	  away	  from	  the	  area	  of	  interest	  and	  is	  not	  
contributing	   to	   any	   fluorescence	   suppression.	   The	   first	   application	   of	   point	   spread	   function	  
engineering	  to	  STED	  microscopy	  was	  in	  2000	  [86]	  where	  a	  phase	  plate	  was	  used	  to	  impart	  an	  annular	  
phase	  profile	  on	  the	  depletion	  beam	  with	  a	  central	  λSTED/2	  shift.	   	  As	  shown	  in	  Figure	  25,	  when	  this	  
wavefront	  is	  focused	  by	  an	  objective	  lens	  the	  components	  interfere	  with	  each	  other	  at	  the	  focus	  to	  
produce	  a	  focus	  that	  has	  central	  minimum,	   intense	   lobes	  above	  and	  below	  the	  focus	  and	  a	  ring	  of	  
lesser	  intensity	  in	  the	  lateral	  plane.	  This	  type	  of	  focus	  is	  commonly	  referred	  to	  as	  an	  “optical	  bottle	  
beam”.	  	  
	  
Figure	  25	  -­‐	  Optical	  bottle	  beam.	  Left	  -­‐	  phase	  profile	  at	  pupil	  plane,	  middle	  -­‐	  resultant	  focus	  in	  x-­‐y	  plane,	  right	  -­‐	  resultant	  
focus	  in	  x-­‐z	  plane.	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Due	  to	  the	  fact	  that	  the	  optical	  bottle	  beam	  has	  the	  highest	  intensity	  located	  in	  its	  axial	  lobes	  it	  has	  
limited	   use	   for	   lateral	   resolution	   improvement.	   To	   enable	   more	   efficient	   improvement	   of	   lateral	  
resolution	  other	  engineered	  PSFs	  have	  been	   investigated.	  The	  most	  elegant	  solution	  to	  date	   is	   the	  
“doughnut”	  focus	  that	  is	  formed	  by	  imparting	  a	  helicoidal	  phase	  ramp	  [68]	  on	  the	  laser	  beam	  at	  the	  
pupil	  of	  the	  objective	  lens	  as	  shown	  in	  Figure	  26.	  
	  
	  
Figure	  26	  -­‐	  Doughnut	  focus.	  Left	  -­‐	  helicoidal	  phase	  ramp	  at	  pupil,	  middle	  -­‐	  resultant	  focus	  in	  x-­‐y	  plane,	  right	  -­‐	  resultant	  
focus	  in	  x-­‐z	  plane.	  
The	   doughnut	   focus	   has	   its	   highest	   intensity	   located	   in	   the	   focal	   plane	   offering	   a	   more	   efficient	  
solution	   for	   lateral	   depletion	   than	   the	  optical	   bottle	  beam.	  Added	   to	   this	   is	   that	   the	   shape	  of	   the	  
central	  minimum	  of	  this	  focus	  is	  dominated	  by	  an	  r2	  term.	  The	  ring	  of	  intensity	  seen	  in	  the	  x-­‐y	  plane	  
of	  the	  optical	  bottle	  beam,	  on	  the	  other	  hand,	  is	  dominated	  by	  an	  r4	  term.	  
STED	   systems	   that	   solely	   utilise	   the	   optical	   bottle	   beam	   are	   sometimes	   referred	   to	   as	   3D-­‐STED	  
systems	   [84],	   [87].	  However,	   it	   is	   evident	   that	   the	   anisotropic	   nature	   of	   the	  optical	   bottle	   beam’s	  
intensity	   represents	   an	   incomplete	   solution	   for	   3D-­‐STED	   as	   the	   resulting	   resolution	   improvement	  
occurs	   primarily	   along	   the	   optical	   axis.	   To	   address	   this,	   it	   is	   possible	   to	   incoherently	   combine	   the	  
optical	  bottle	  beam	  with	  the	  doughnut	  focus	  to	  achieve	  the	  best	  possible	  resolution	  improvement	  in	  
all	  three	  dimensions	  simultaneously	  as	  illustrated	  in	  Figure	  27.	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Figure	  27	  –	  Incoherent	  combination	  of	  doughnut	  focus	  (left)	  with	  optical	  bottle	  beam	  (middle)	  to	  form	  a	  3D	  depletion	  
focus	  (right)	  shown	  in	  the	  x-­‐z	  plane.	  
3.1.3.1 Double	  pass	  SLM	  arrangement	  
In	   the	   instrument	   described	   in	   this	   chapter	   a	   liquid	   crystal	   spatial	   light	   modulator	   (X10468-­‐02,	  
Hamamatsu)	   is	   used	   to	   create	   the	   phase	   profiles	   necessary	   for	   3D-­‐STED	   microscopy.	   This	   device	  
essentially	   acts	   as	   a	   tuneable	   phase	   retarder,	   allowing	   arbitrary	   wavefronts	   to	   be	   created	   and	  
dynamically	  controlled.	  
In	   this	  microscope	   it	   is	   desired	   to	   create	   a	   point	   spread	   function	   that	   depletes	   fluorescence	   in	   all	  
three	   dimensions.	   At	   the	   outset	   of	   this	   PhD	   the	   most	   practical	   way	   of	   creating	   such	   a	   PSF	   is	   to	  
incoherently	  combine	  the	  doughnut	  PSF	  yielded	  from	  helicoidal	  phase	  with	  the	  optical	  bottle	  beam.	  
This	  method	  was	  first	  realized	  in	  2008	  by	  splitting	  the	  depletion	  beam	  into	  two	  arms,	  passing	  each	  
arm	  through	  a	  separate	  phase	  mask	  and	  then	  recombining	  the	  beams	  and	  focusing	  them	  down	  into	  
the	   sample,	   as	   shown	   in	   Figure	   28	   [74].	   Incoherence	   of	   the	   two	   STED	   foci	   was	   achieved	   by	  
maintaining	  a	  temporal	  delay	  of	  >	  250	  fs	  between	  the	  orthogonally	  polarised	  pulse	  trains,	  probably	  
via	  a	  slight	  path	  length	  difference.	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Figure	  28	  -­‐	  3D-­‐STED	  utilising	  fixed	  phase	  plates	  and	  separate	  depletion	  beams.	  PM	  1	  -­‐	  helicoidal	  phase	  mask,	  PM	  2	  -­‐	  
annular	  phase	  mask.	  
Since	  a	  spatial	  light	  modulator	  can	  display	  arbitrary	  phase	  patterns,	  the	  two	  phase	  masks	  necessary	  
for	   3D-­‐STED	   can	   be	   displayed	   on	   two	   separate	   areas	   of	   the	   same	   SLM.	   The	   phases	   can	   then	   be	  
applied	  to	  two	  separate	  depletion	  beams	  before	  recombination	  and	  focusing	  into	  the	  sample.	  
It	   is,	  however,	  possible	  to	  take	  advantage	  of	  the	  polarisation	  selective	  nature	  of	  the	  SLM	  device	  to	  
apply	  the	  required	  phase	  patterns	  to	  orthogonal	  polarisations	  of	  a	  single	  beam	  [88],	  [89].	  Depending	  
on	  its	  orientation	  (horizontal	  or	  vertical	  with	  respect	  to	  the	  optical	  table)	  the	  SLM	  will	  only	  modulate	  
the	  phase	  of	  horizontally	  or	  vertically	  polarised	  light.	  Hence,	  if	  an	  unpolarised	  laser	  beam	  is	  incident	  
on	  the	  SLM	  only	  the	  horizontal	  (or	  vertical)	  component	  of	   its	  polarisation	  will	  be	  phase	  modulated	  
while	  the	  other	  component	  is	  left	  unaltered.	  The	  arrangement	  shown	  below	  in	  Figure	  29	  is	  used	  to	  
impart	  two	  distinct	  phase	  patterns	  on	  two	  orthogonal	  polarisation	  components	  of	  the	  same	  beam.	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Figure	  29	  -­‐	  Schematic	  of	  double	  pass	  SLM	  arrangement.	  QWP	  -­‐	  quarter-­‐wave	  plate,	  PM-­‐SMF	  -­‐	  polarisation	  maintaining	  
single-­‐mode	  fibre.	  	  
The	  linearly	  polarised	  light	  input	  to	  the	  100	  metre	  stretching	  fibre	  described	  earlier	  in	  the	  chapter	  is	  
rotated	  with	  a	  half-­‐wave	  plate	  and	  oriented	   such	   that	   components	  are	   coupled	   into	  both	   the	   fast	  
and	   slow	   axes	   of	   the	   fibre.	   At	   the	   output	   of	   the	   fibre	   this	   results	   in	   two	   orthogonally	   polarised	  
components	   that	   have	   a	   slight	   temporal	   delay	   with	   respect	   to	   one	   another	   due	   to	   the	   different	  
refractive	  indices	  experienced	  in	  the	  different	  axes	  of	  the	  fibre.	  Upon	  the	  first	  reflection	  by	  the	  SLM	  
the	  horizontal	  component	  of	  the	  beam	  is	  phase	  modulated.	  The	  horizontal	  and	  vertical	  components	  
of	  the	  beam	  are	  then	  converted	  to	  circular	  polarisation	  components	  (with	  opposite	  handedness)	  via	  
a	   quarter-­‐wave	   plate	   oriented	   at	   45°	   to	   the	   linear	   polarisation	   components.	   Lens	   L1	   focuses	   the	  
beam	  onto	  the	  mirror	  where	  the	  beam	  is	  reflected	  and	  the	  handedness	  of	  each	  of	  the	  polarisation	  
components	   is	   reversed.	   The	   second	   pass	   through	   lens	   L1	   re-­‐collimates	   the	   laser	   beam	   and	   the	  
second	  pass	  through	  the	  quarter-­‐wave	  plate	  converts	  the	  circular	  polarisation	  components	  back	  into	  
linear	  polarisation	  at	  90°	   from	  their	  original	  orientation.	  The	   laser	  beam	  then	  continues	  back	  onto	  
the	   SLM	  where	   the	   phase	   of	   the	   second	   polarisation	   component	   is	  modulated.	   It	   is	   important	   to	  
note	  that	  lens	  L1	  not	  only	  serves	  to	  ensure	  a	  lateral	  separation	  of	  the	  two	  phase	  masks	  on	  the	  SLM	  
but	  also	   images	  the	   first	  phase	  mask	  onto	  the	  second.	  This	  ensures	   that	  both	  phase	  masks	  can	  be	  
placed	  in	  a	  plane	  conjugate	  to	  the	  pupil	  of	  the	  microscope	  objective	  lens	  so	  that	  the	  phases	  applied	  
at	   the	  SLM	  directly	  describe	   the	  phase	  at	   the	  pupil	  plane.	  The	  SLM	   is	   imaged	   into	   the	  pupil	  plane	  
using	   a	   4-­‐f	   system	   (lenses	   L2	   and	   L3)	   that	   also	   expands	   the	   beam	   to	   fill	   the	   rear	   aperture	   of	   the	  
objective	  lens.	  The	  temporal	  delay	  between	  the	  orthogonal	  polarisations	  provided	  by	  the	  stretching	  
fibre	   ensures	   that	   the	   two	   resultant	   foci	   are	   incoherent	   with	   one	   another	   and	   can	   be	   adjusted	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independently.	   Additional	   phase	  profiles	   described	  by	   Zernike	   polynomials	   are	   added	   to	   the	   STED	  
phase	   masks	   in	   order	   to	   compensate	   for	   aberrations	   that	   may	   stem	   from	   imperfections	   or	  
misalignments	  in	  the	  system.	  The	  orthogonality	  of	  Zernike	  polynomials	  allows	  for	  their	  amplitudes	  to	  
be	  adjusted	  independently	  [90].	  	  
3.1.4 Pupil	  to	  SLM	  hologram	  alignment	  
Since	  aberrations	  are	  described	  by	  Zernike	  polynomials	  it	  is	  essential	  that	  the	  unit	  circle	  over	  which	  
the	  phases	  are	  calculated	  and	  displayed	  on	  the	  SLM	  is	  directly	  mapped	  to	  the	  pupil	  of	  the	  objective	  
lens.	  Specifically,	  the	  image	  of	  the	  phase	  masks	  at	  the	  pupil	  plane	  must	  be	  the	  same	  diameter	  as	  the	  
objective	  lens	  pupil	  and	  must	  be	  aligned	  precisely	  to	  the	  pupil	  in	  both	  the	  lateral	  and	  axial	  directions.	  
If	  the	  image	  is	  larger	  or	  smaller	  than	  the	  pupil	  then	  the	  aberration	  modes	  applied	  at	  the	  SLM	  will	  not	  
have	  the	  expected	  effect.	  For	  example,	   if	   the	   image	  of	   the	  phase	  mask	  overfills	   the	  pupil	   then	  the	  
application	  of	   spherical	  aberration	  modes	  will	  predominantly	   induce	  a	  defocus	  of	   the	   focus	   rather	  
than	  an	  axial	  broadening.	  
The	   focal	   length	   of	   the	   objective	   lens	   can	   be	   calculated	   by	   dividing	   the	   tube	   length	   of	   the	  
manufacturer	  (e.g.	  200mm	  for	  Leica	  microscopes)	  by	  the	  magnification	  of	  the	  lens.	  The	  pupil	  radius	  
is	  then	  calculated	  by	  multiplying	  the	  focal	  length	  by	  the	  numerical	  aperture.	  The	  system	  described	  in	  
this	  chapter	  utilised	  a	  Leica	  objective	   lens	  with	  a	  magnification	  of	  100	  and	  a	  numerical	  aperture	  of	  
1.4.	  The	  pupil	  diameter	  is	  thus	  5.6	  mm.	  The	  magnification	  of	  the	  optical	  system	  that	  relays	  the	  image	  
of	   the	  SLM	  hologram	  onto	   the	  pupil	  plane	  of	   the	  objective	   is	   then	  used	   to	  calculate	  what	  size	   the	  
hologram	   should	   be	   at	   the	   SLM.	   This	   step	   is	   significantly	   simpler	   for	   stage	   scanning	   systems	   in	  
comparison	  to	  beam	  scanning	  systems	  that	  involve	  a	  scan	  lens,	  tube	  lens	  and	  other	  additional	  relays.	  
Once	  the	   image	  of	  the	  hologram	  is	  matched	  to	  the	  pupil	  plane	  and	  is	  the	  correct	  diameter	   it	  must	  
then	   be	   aligned	   laterally	   to	   the	   objective	   pupil.	   This	   can	   be	   achieved	   by	   applying	   an	   appropriate	  
phase	  mask	  and	   inspecting	   the	   resultant	  PSF	  achieved	  at	   the	   focal	  plane.	   In	   this	   case	   the	  PSF	  was	  
observed	  by	   imaging	   sub-­‐diffraction	   sized	  gold	  beads	  and	  detecting	   the	  photons	  with	  a	   large	  area	  
(non-­‐confocal)	  PMT.	  To	  proceed,	   the	   focus	   is	   first	  observed	  with	  no	  phase	  ramp	  applied	  to	  ensure	  
that	   the	   focus	   is	   not	   tilted	   in	   the	   x-­‐z	   or	   y-­‐z	   planes.	   At	   this	   stage	   any	   tilt	   must	   be	   corrected	   via	  
adjustment	  of	   the	  appropriate	  mirrors.	  Once	   the	   tilt	   has	  been	  adjusted,	   a	   top-­‐hat	  phase	  profile	   is	  
applied	  to	  the	  SLM	  to	  generate	  an	  optical	  bottle	  focus.	  Tilt	  of	  the	  intense	  lobes	  above	  and	  below	  the	  
centre	   of	   this	   focus	   is	   then	   symptomatic	   of	   lateral	   displacement	   of	   the	   phase	   mask.	   The	   PSF	   is	  
imaged	  in	  the	  x-­‐z	  plane	  and	  the	  phase	  mask	  is	  laterally	  shifted	  in	  the	  x-­‐axis	  until	  the	  lobes	  are	  aligned	  
along	   the	   z-­‐axis.	   The	   same	   procedure	   is	   followed	   to	   align	   the	   hologram	   along	   the	   y-­‐axis.	   This	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procedure	  is	  illustrated	  by	  the	  simulated	  foci	  shown	  in	  Figure	  30.	  These	  simulations	  were	  performed	  
using	  the	  vectorial	  diffraction	  theory	  of	  Richards	  and	  Wolf	  [91],	  [92]	  using	  FFT	  operations	  [93].	  	  
	  
Figure	  30	  -­‐	  simulated	  foci	  for	  (a)	  no	  phase	  mask	  applied,	  (b)	  bottle	  beam	  with	  phase	  mask	  misaligned	  laterally	  by	  10%	  of	  
pupil	  radius,	  (c)	  bottle	  beam	  with	  phase	  mask	  properly	  aligned.	  
3.1.5 Polarisation	  considerations	  
When	  a	  helicoidal	  phase	  mask	  is	  applied	  to	  generate	  a	  doughnut	  focus	  it	  is	  critical	  that	  the	  depletion	  
beam	   is	   circularly	   polarised	  with	   the	   correct	   handedness.	   As	   demonstrated	   by	   the	   simulated	   foci	  
shown	   in	  Figure	  31,	   any	  deviation	   from	  perfect	   circular	  polarisation	   results	   in	  a	  doughnut	  with	  an	  
imperfect	  central	  minimum	  due	  to	  the	  formation	  of	  a	  significant	  z-­‐polarised	  electric	  field	  component	  
along	  the	  optical	  axis.	  	  
	  
Figure	  31	  -­‐	  total	  electric	  fields	  (a)	  to	  (d)	  and	  their	  respective	  z-­‐components	  (normalised	  to	  the	  total	  electric	  field)	  (e)	  to	  
(h)	  for	  linearly	  polarised	  (a),	  (e),	  circularly	  polarised	  with	  the	  wrong	  handedness	  (b),	  (f),	  elliptically	  polarised	  (c),	  (g)	  and	  
circularly	  polarised	  light	  with	  the	  correct	  handedness	  (d),	  (h).	  
To	  maximise	  the	  accuracy	  of	  the	  polarisation	  it	  is	  crucial	  to	  understand	  the	  effect	  on	  polarisation	  of	  
all	  the	  optical	  elements	  between	  the	  laser	  source	  and	  the	  objective	  lens.	  Common	  components	  and	  
their	  effects	  on	  polarisation	  are	  considered	  below.	  
77	  
	  
3.1.5.1 Mirrors	  
All	  mirrors	  have	  the	  potential	   to	  geometrically	  change	  the	  polarisation	  state	  of	  an	   incoming	  beam.	  
For	   this	   reason	   it	   is	   best	   to	   restrict	   the	   alignment	   of	   the	   system	   to	   a	   single	   plane,	   in	   particular	  
avoiding	   periscopes.	   Added	   to	   this	   is	   the	   fact	   that	   many	   mirrors	   can	   impart	   a	   phase	   change	   to	  
incoming	  laser	  beams	  that	  will	  change	  its	  polarisation	  state.	  Dielectric	  mirrors	  should	  not	  be	  used	  for	  
STED	  microscopy.	   However,	   it	   should	   be	   noted	   that	  most	   commercially	   available	  metallic	  mirrors	  
come	  with	  a	  protective	  coating	  that	  may	  also	  affect	  polarisation.	  It	  is	  good	  practice	  to	  minimise	  the	  
incident	  angle	  to	  mirrors	  when	  designing	  a	  STED	  system.	  
3.1.5.2 Beam	  splitters	  
Polarizing	  beam	   splitter	   cubes	  may	  be	  used	   to	   ensure	   a	   linearly	   polarised	   field	   as	   they	   commonly	  
have	  an	  extinction	  ratio	  >	  2000:1.	  Care	  should	  be	  taken	  when	  using	  these	  as	  the	  induced	  wavefront	  
error	  can	  be	  relatively	  high	  and	  the	  doughnut	  focus	  is	  extremely	  sensitive	  to	  aberrations.	  
3.1.5.3 Wave-­‐plates	  (half-­‐wave	  and	  quarter-­‐wave)	  
When	  possible,	  the	  use	  of	  zero-­‐order	  wave	  plates	  is	  recommended	  in	  areas	  where	  the	  excitation	  and	  
depletion	   beam	   do	   not	   share	   a	   common	   path	   since	   these	   wave	   plates	   can	   have	   close	   to	   perfect	  
quarter	  or	  half-­‐wave	  retardance	  for	  the	  wavelength	  used.	  It	  is	  possible	  to	  use	  achromatic	  or	  super-­‐
achromatic	   wave	   plates	   successfully	   as	   long	   as	   attention	   is	   paid	   to	   their	   specified	   performance	  
across	   the	   utilised	   wavelength	   range.	   Indeed	   their	   use	   may	   be	   essential	   if	   broadband	   depletion	  
pulses	   are	   used	   (i.e.	   Ti:Sapphire).	   Depletion	   efficiency	   is	   maximised	   when	   the	   excitation	   beam	  
polarisation	   is	  matched	   precisely	   to	   the	   depletion	   beam	   polarisation	   [94].	   Thus	   it	   is	   ideal	   to	   have	  
both	  beams	  circularly	  polarised	  at	   the	  entrance	  pupil	  of	   the	  objective	   lens.	  The	  polarisation	  of	   the	  
depletion	  beam	  must	  take	  precedence	  over	  the	  polarisation	  of	  the	  excitation	  beam	  though,	  as	  the	  
loss	  of	  resolution	  caused	  by	  an	  imperfect	  doughnut	  minimum	  is	  severe	  while	  the	  benefits	  of	  having	  
co-­‐polarised	  beams	  is	  much	  less	  significant.	  Achromatic	  wave-­‐plates	  should	  therefore	  be	  selected	  for	  
maximum	   performance	   at	   the	   depletion	   wavelength	   and	   as	   good	   as	   possible	   thereafter	   for	   the	  
excitation	  wavelength.	  
3.1.5.4 Lenses	  
The	  use	  of	  low	  NA	  achromatic	  doublet	  lenses	  in	  the	  system	  e.g.	  as	  optical	  relays,	  for	  beam	  expansion	  
etc.	   is	   generally	   safe	   and	   their	   effect	   on	   polarisation	   does	   not	   need	   to	   be	   considered.	   High	   NA	  
objective	  lenses	  do	  affect	  polarisation	  but	  it	  is	  difficult	  to	  measure	  this	  at	  the	  focal	  plane.	  
3.1.5.5 Optical	  fibres	  
Optical	   fibres	   are	   commonly	   used	   in	   STED	   systems	   for	   pulse	   stretching	   and	   as	   spatial	   filters.	   It	   is	  
common	   sense	   to	   select	   fibres	   that	   are	   single	   mode	   and	   polarisation	   maintaining	   at	   the	   utilised	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wavelengths.	  The	  extinction	  ratio	  should	  be	  as	  high	  as	  possible	  when	  fibre	  is	  used	  for	  the	  depletion	  
beam.	  
3.1.5.6 Phase	  plates	  
Phase	  plates	  used	  in	  STED	  microscopy	  are	  generally	  glass	  or	  polymer	  on	  a	  glass	  substrate.	  These	  are	  
not	  birefringent	  and	  their	  effect	  on	  polarisation	  is	  negligible.	  
3.1.5.7 Spatial	  light	  modulators	  
Nematic	   liquid	   crystal	   spatial	   light	   modulators,	   such	   as	   the	   one	   used	   in	   the	   instrumentation	  
described	  in	  this	  thesis,	  are	  polarisation	  selective	  devices.	  Essentially,	  these	  devices	  act	  to	  modulate	  
the	  phase	  of	  light	  that	  is	  linearly	  polarised	  parallel	  to	  the	  parallel-­‐aligned	  liquid	  crystal	  layer.	  Despite	  
the	  fact	  that	  these	  devices	  are	  based	  on	  birefringent	  nematic	  liquid	  crystals,	  they	  are	  configured	  in	  
such	  a	  way	  that	  they	  will	  not	  rotate	  incoming	  polarisation.	  Any	  component	  of	  incoming	  light	  that	  is	  
perpendicular	   to	   the	  axis	  of	  operation	  of	   the	  SLM	  will	   simply	  not	  be	  phase-­‐modulated	  and	  will	  be	  
directly	  reflected.	  In	  this	  thesis	  the	  SLM	  is	  used	  to	  display	  blazed	  holograms	  that	  diffract	  modulated	  
light	  into	  the	  1st	  order.	  As	  the	  SLM	  only	  acts	  on	  one	  linear	  polarisation	  state	  the	  diffracted	  beam	  is	  
linearly	  polarised.	  For	  a	  simple,	  single	  pass	  SLM	  system	  the	  incoming	  laser	  beam	  should	  be	  linearly	  
polarised	  parallel	  to	  the	  axis	  of	  operation	  of	  the	  SLM	  for	  maximum	  efficiency.	  
3.1.5.8 Optical	  filters	  
Interference	  filters	  (e.g.	  bandpass	  filters)	  should	  always	  be	  placed	  normal	  to	  the	  incoming	  beam	  to	  
avoid	  preferential	   transmission/reflection	  of	   s	  or	  p	  polarisations.	   Interference	   filters	   should	  not	  be	  
placed	  in	  uncollimated	  beams.	  
3.1.5.9 Dichroic	  mirrors	  
The	   use	   of	   dichroic	  mirrors	   is	   generally	   ubiquitous	   in	   STED	  microscopy.	   It	   is	   important	   to	   bear	   in	  
mind	  that	  the	  coating	  of	  dichroic	  mirrors	  may	  behave	  differently	  for	  s	  and	  p	  polarised	  light.	  Change	  
of	  the	  polarisation	  state	  of	  the	   laser	  beams	  should	  be	  compensated	  with	  appropriate	  wave	  plates.	  
The	  circularity	  of	  the	  polarisation	  of	  the	  depletion	  should	  always	  be	  optimized	  directly	  prior	  to	  the	  
microscope	  objective	  lens.	  
3.1.6 Detection	  electronics	  
The	  system	  used	  in	  this	  work	  utilised	  photon	  counting	  photo-­‐multiplier	  tubes	  to	  detect	  the	  emission	  
of	  the	  fluorophores	  under	  study	  (H7422P,	  Hamamatsu	  or	  HPM-­‐100-­‐50,	  Becker	  and	  Hickl).	  The	  pulses	  
generated	   by	   these	   PMTs	   were	   converted	   to	   TTL	   pulses	   by	   a	   discriminator	   (9307	   pico-­‐Timing	  
Discriminator,	   Ortec)	   and	   counted	   via	   a	   DAQ	   card	   (NI	   USB-­‐6251,	   National	   Instruments,	   Texas)	   for	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simple	   intensity	   imaging	   or	   connected	   to	   TCSPC	   electronics	   (SPC-­‐830,	   Becker	   and	   Hickl)	   for	   time-­‐
resolved	  imaging	  and	  measurements.	  
The	   use	   of	   an	   independent	   discriminator	   allows	   convenient	   image	   acquisition	   via	   a	   user	   defined	  
program	  (LabVIEW,	  National	  Instruments).	  However,	  the	  relatively	  long	  (~500ns)	  TTL	  pulses	  limit	  the	  
dynamic	   range	  of	   the	   system.	  The	  use	  of	  TCSPC	  hardware	  allows	   for	   imaging	  with	  higher	  dynamic	  
range,	   fluorescence	   lifetime	   imaging	   and	   facilitates	  measurement	   of	   the	   arrival	   time	   of	   incoming	  
pulses.	   In	   this	   case,	   however,	   TCSPC	  data	   can	  only	   be	   accessed	   via	   the	   supplier’s	   software	  or	  DLL	  
libraries.	  
3.1.7 Pulse	  timing	  considerations	  
The	  final	  step	  in	  the	  optimisation	  of	  a	  pulsed	  STED	  system	  is	  to	  temporally	  align	  the	  excitation	  and	  
depletion	   pulses.	  Depletion	   should	   occur	   immediately	   after	   excitation	   of	   the	   fluorophores.	  During	  
any	  delay	  between	  the	  excitation	  and	  depletion	  pulses	  the	  fluorophores	  are	  able	  to	  relax	  naturally	  
back	  to	  the	  ground	  state	  emitting	  photons	  via	  fluorescence.	  This	  manifests	  itself	  as	  a	  pedestal	  in	  the	  
effective	  PSF	  of	  the	  microscope	  and	  directly	  affects	  the	  resolution	  in	  a	  negative	  way	  [95].	  This	  can	  be	  
alleviated	  by	  time-­‐gating	  the	  detection	  to	  only	  count	  photons	  that	  arrive	  after	   the	  depletion	  pulse	  
has	  left,	  but	  any	  gain	  in	  resolution	  is	  accompanied	  by	  a	  corresponding	  loss	  of	  signal	  to	  noise.	  Pulse	  
timing	   can	   proceed	   by	   focusing	   the	   overlapped	   excitation	   and	   depletion	   beams	   into	   an	   aqueous	  
solution	   of	   fluorescent	   dye	   and	   then	   adjusting	   the	   relative	   timing	   to	   minimise	   the	   residual	  
fluorescence	   [95].	   Alternatively,	   the	   pulse	   arrival	   times	   at	   the	   focal	   plane	   can	   be	  measured	   using	  
TCSPC.	   Figure	   32	   shows	   the	   normalized	   fluorescence	   decays	  measured	   in	   an	   aqueous	   solution	   of	  
erythrosine	   B	   excited	   using	   different	   wavebands	   selected	   from	   the	   supercontinuum	   excitation	  
source.	  There	   is	  a	  clear	  separation	   in	  time	  of	  the	  pulses	  selected	  from	  different	  spectral	  regions	  of	  
the	   supercontinuum.	   This	   is	   a	   consequence	   of	   the	   extreme	   dispersion	   experienced	   in	   the	  
microstructured	  optical	   fibre	   and	  must	  be	   taken	   into	  account	   if	   the	  excitation	  waveband	   is	   varied	  
during	  STED	  experiments.	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Figure	  32	  -­‐	  Erythrosine	  B	  fluorescence	  decays	  excited	  by	  525	  nm,	  575	  nm	  and	  609	  nm	  wavelengths.	  Time	  values	  are	  
measured	  relative	  to	  an	  electrical	  synchronisation	  pulse	  generated	  by	  the	  laser	  source.	  	  
Figure	  33	  shows	  the	  fluorescence	  decays	   from	  quantum	  dots	   (QD705,	  Sigma	  Aldrich)	  excited	  using	  
the	  orthogonally	  polarised	  pulses	  in	  the	  depletion	  beam	  that	  were	  encoded	  with	  separate	  phases	  in	  
the	  double	  pass	  SLM	  arrangement.	  	  
	  
Figure	  33	  -­‐	  QD705	  fluorescence	  decays	  excited	  by	  orthogonal	  polarisation	  components	  of	  the	  780	  nm	  depletion	  beam.	  
Time	  values	  are	  measured	  relative	  to	  an	  electrical	  synchronisation	  pulse	  generated	  by	  the	  laser	  source.	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These	  data	  illustrate	  the	  ~200ps	  delay	  between	  the	  two	  depletion	  pulses.	  The	  excitation	  pulses	  were	  
then	   timed	   to	   immediately	   precede	   the	   pulses	   from	   hologram	   1.	   Since	   the	   pulses	   modulated	   by	  
“hologram	   2”	   are	   temporally	   delayed	   with	   respect	   to	   those	   modulated	   by	   “hologram	   1”	   it	   is	  
beneficial	  to	  time-­‐gate	  the	  detection	  to	  mitigate	  the	  loss	   in	  resolution	  caused	  by	  the	  late	  arrival	  of	  
these	  pulses	  [72],	  [81],	  [95].	  
3.1.8 Stage	  Scanning	  3D-­‐STED	  Microscope	  
Figure	  34	  illustrates	  the	  complete	  design	  of	  the	  3D-­‐STED	  microscope.	  
	  
Figure	  34	  -­‐	  Block	  diagram	  of	  complete	  stage-­‐scanning	  3D-­‐STED	  setup.	  GLP	  -­‐	  glan	  laser	  polarizer,	  OBJ	  -­‐	  100X,	  1.4NA	  
objective	  lens,	  QWP	  -­‐	  quarter-­‐wave	  plate,	  HWP	  -­‐	  half-­‐wave	  plate,	  MMF	  -­‐	  62.5	  µm	  core	  graded-­‐index	  multimode	  fibre.	  
DC1	  –	  650nm	  long	  pass	  dichroic,	  DC2	  –	  750	  nm	  short	  pass	  dichroic.	  
The	  2.7	  Watts	  output	  power	   from	   the	  Ti:Sapphire	   source	  was	  divided	  between	   the	  excitation	  and	  
depletion	  arms	  of	  the	  instrument	  via	  a	  combination	  of	  a	  Glan	  laser	  polarizer	  and	  a	  half-­‐wave	  plate.	  
Usually	  ~100	  –	  200	  mW	  was	  allocated	  to	  the	  excitation	  arm	  and	  the	  rest	  was	  reserved	  for	  use	  in	  the	  
depletion	  arm.	  
Once	   the	   excitation	   and	   depletion	   pulse	   trains	   have	   been	   prepared	   as	   described	   earlier	   they	   are	  
combined	  and	  directed	  into	  the	  microscope	  body	  via	  a	  combination	  of	  a	  650	  nm	  short	  pass	  dichroic	  
mirror	  (DC1)	  and	  a	  750	  nm	  short	  pass	  dichroic	  mirror	  (DC2),	  as	  shown	  in	  Figure	  34.	  The	  orthogonal	  
components	   of	   the	   depletion	   beam	  were	   circularly	   polarised	   by	   a	   super-­‐achromatic	   quarter-­‐wave	  
plate	   (Bernhard	   Halle)	   immediately	   prior	   to	   the	   objective	   lens.	   Pulse	   timing	   was	   achieved	   by	  
adjusting	  the	  path	  length	  of	  the	  excitation	  arm	  via	  a	  retro-­‐reflecting	  corner	  cube	  on	  a	  linear	  stage,	  as	  
shown	  in	  Figure	  20.	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Fluorescence	   excited	   in	   the	   sample	   plane	   passed	   back	   through	   the	   two	   dichroic	   mirrors	   in	   the	  
waveband	   650	   –	   750	   nm.	   Further	   bandpass	   filters	   were	   used	   to	   separate	   fluorescence	   from	   any	  
residual	  excitation	  and	  depletion	  photons	  passing	  back	  through	  the	  dichroics.	  The	  fluorescence	  was	  
then	  coupled	   into	  a	  multimode	  fibre	  patch	  cable	  (GIF-­‐625,	  62.5	  µm	  core,	  Thorlabs)	  that	  acted	  as	  a	  
confocal	  pinhole	  and	  delivered	  the	  fluorescence	  to	  a	  photon	  counting	  PMT	  (H7422P,	  Hamamatsu).	  
The	  signal	  from	  the	  PMT	  was	  split;	  one	  arm	  was	  directed	  to	  a	  stand-­‐alone	  discriminator	  (9307	  pico-­‐
Timing	   Discriminator,	   Ortec)	   and	   the	   other	  was	   connected	   to	   a	   TCSPC	   card	   (SPC-­‐830,	   Becker	   and	  
Hickl).	  
Image	   acquisition	  was	   performed	   using	   a	   custom	   program	  written	   in	   LabVIEW.	   	   Sample	   scanning	  
took	  place	  via	  a	  3-­‐axis	  piezo	  stage	  (Mad	  City	  Labs,	  Madison,	  USA)	  that	  was	  controlled	  via	  analogue	  
voltages	   from	   a	   DAQ	   card	   (NI-­‐6251,	   National	   Instruments).	   The	   DAQ	   card	   also	   registered	   the	   TTL	  
pulses	  output	  from	  the	  Ortec	  discriminator	  and	  sent	  pixel,	  line	  and	  frame	  clocks	  to	  the	  SPC	  card	  to	  
enable	  fluorescence	  lifetime	  imaging	  to	  take	  place.	  
	  Figure	   35	   shows	   x-­‐z	   plane	   images	   of	   the	   depletion	   PSFs	  measured	   using	   120	   nm	   gold	   beads	   and	  
detecting	  the	  reflected	  light	  with	  a	  large	  area	  PMT	  (PMH-­‐100,	  Becker	  and	  Hickl).	  
	  
	  
Figure	  35	  –	  x-­‐z	  plane	  images	  of	  measured	  depletion	  PSFs.	  Doughnut	  PSF	  only	  (left),	  bottle-­‐beam	  only	  (middle)	  and	  
combined	  doughnut	  and	  bottle-­‐beam	  3D	  depletion	  PSF	  (right).	  
3.1.9 Performance	  of	  stage	  scanning	  setup	  
3.1.10 Resolution	  measurements	  (fluorescent	  nanoparticles)	  
To	   assess	   the	   performance	   of	   the	   instrument,	   sub-­‐diffraction	   sized	   nanoparticles	   were	   used	   to	  
measure	  the	  fluorescence	  PSF	  with	  and	  without	  STED	  illumination.	  Exemplary	  images	  of	  fluorescent	  
nanoparticles	  are	  shown	  in	  Figure	  36	  to	  demonstrate	  the	  performance	  of	  the	  instrument	  in	  terms	  of	  
the	  best	  resolution	  achievable	  in	  the	  x-­‐y	  and	  x-­‐z	  planes.	  Figure	  36	  (a)	  and	  (b)	  show	  confocal	  and	  STED	  
images	  of	  20	  nm	  fluorescent	  beads	  (Crimson	  FluoSpheres,	  Life	  Technologies)	  in	  the	  x-­‐y	  plane	  with	  all	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the	  available	  power	   coupled	   to	   the	  doughnut	  STED	  PSF	   for	   lateral	  depletion.	   Figure	  36	   (c)	   and	   (d)	  
show	  confocal	  and	  STED	   images	  of	  a	  40	  nm	  fluorescent	  nanodiamond	   (Adamas	  Nanotechnologies,	  
Raleigh,	  USA)	  in	  the	  x-­‐z	  plane	  with	  all	  the	  available	  power	  coupled	  to	  the	  bottle-­‐beam	  PSF	  for	  axial	  
depletion.	  
	  
Figure	  36	  -­‐	  Confocal	  (a)	  and	  STED	  (b)	  images	  of	  20	  nm	  fluorescent	  beads	  imaged	  in	  the	  x-­‐y	  plane	  with	  lateral	  depletion	  
only.	  Confocal	  (c)	  and	  STED	  (d)	  images	  of	  40	  nm	  fluorescent	  nanodiamond	  imaged	  in	  the	  x-­‐z	  plane	  with	  axial	  depletion	  
only.	  (a)	  and	  (b)	  image	  size	  =	  256	  x	  256	  pixels,	  dwell	  time	  =0.1	  ms,	  pixel	  size	  =	  12	  nm.	  (c)	  and	  (d)	  image	  size	  =	  128	  x	  128	  
pixels,	  dwell	  time	  =0.8	  ms,	  pixel	  size	  =	  24	  nm.	  Excitation	  and	  depletion	  were	  performed	  with	  light	  of	  wavelength	  609	  nm	  
and	  780	  nm	  respectively.	  
Figure	  37	  (a)	  shows	  a	  line	  profile	  through	  a	  20	  nm	  bead	  selected	  from	  Figure	  36	  (b).	  Demonstrated	  
on	  the	  plot	  is	  a	  Lorentzian	  fit	  to	  the	  data	  with	  a	  FWHM	  of	  46	  nm.	  Figure	  37	  (b)	  shows	  a	  line	  profile	  
taken	  along	   the	  z-­‐axis	   through	   the	  centre	  of	   the	  40	  nm	  nanodiamond	  shown	   in	  Figure	  36	   (d).	  The	  
data	   is	  fitted	  with	  a	  Lorentzian	  function	  with	  a	  FWHM	  of	  109	  nm.	  The	  FWHMs	  of	  46	  nm	  in	  the	  x-­‐y	  
plane	  and	  109	  nm	  in	  the	  x-­‐z	  plane	  provide	  a	  good	  estimate	  of	  the	  upper	  bound	  for	  the	  achievable	  
resolutions	  in	  these	  planes	  using	  this	  instrument	  given	  the	  finite	  size	  of	  the	  beads	  used.	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Figure	  37	  -­‐	  lateral	  (a)	  and	  axial	  (b)	  line	  profiles	  (black	  dots)	  taken	  from	  Figure	  36	  (b)	  and	  (d)	  respectively	  with	  Lorentzian	  
fits	  (red	  lines)	  demonstrating	  lateral	  and	  axial	  STED	  PSF	  FWHMs	  of	  46	  nm	  and	  109	  nm	  respectively.	  Line	  profiles	  from	  the	  
corresponding	  structures	  in	  the	  confocal	  images	  in	  Figure	  36	  (c)	  and	  (d)	  are	  also	  shown	  (blue	  lines).	  
Figure	  38	  shows	  a	  20	  nm	  fluorescent	  bead	  imaged	  in	  the	  x-­‐z	  plane	  (from	  left	  to	  right)	  with	  no	  STED	  
beam	   present,	   with	   all	   power	   coupled	   to	   lateral	   depletion,	   with	   1/3	   power	   coupled	   to	   lateral	  
depletion	   and	   2/3	   coupled	   to	   axial	   depletion	   and	   with	   all	   power	   coupled	   to	   axial	   depletion.	   This	  
figure	   quantitatively	   demonstrates	   the	   ability	   of	   the	   instrument	   to	   continuously	   tune	   between	  
predominately	  lateral	  resolution	  improvement	  and	  predominately	  axial	  resolution	  improvement.	  
	  
Figure	  38	  –	  x-­‐z	  plane	  images	  of	  20	  nm	  fluorescent	  bead	  with	  (a)	  no	  depletion	  beam,	  (b)	  100%	  lateral	  depletion,	  (c)	  2:1	  
axial/lateral	  depletion	  and	  (d)	  100%	  axial	  depletion.	  Image	  size	  =	  128	  x	  128	  pixels,	  dwell	  time	  =0.4	  ms,	  pixel	  size	  =	  30	  nm.	  
Excitation	  and	  depletion	  were	  performed	  with	  light	  of	  wavelength	  609	  nm	  and	  780	  nm	  respectively.	  
3.2 Application	  of	  STED	  to	  biological	  samples	  
3.2.1 3D-­‐STED	  of	  the	  Immune	  Synapse	  
A	   key	   motivation	   for	   the	   development	   of	   this	   STED	   microscope	   was	   to	   image	   immunological	  
synapses	   between	   cell	   conjugates	   and	   therefore	   to	   address	   the	   challenges	   of	   applying	   super-­‐
resolved	  microscopy	  to	  vertically	  orientated	  structures	  inside	  biological	  samples.	  
The	  role	  of	  natural	  killer	  (NK)	  cells	  in	  the	  body	  is	  to	  bind	  to,	  interrogate	  and	  destroy	  diseased	  cells	  by	  
delivering	  a	  dose	  of	  lytic	  granules	  across	  the	  synapse	  formed	  between	  the	  NK	  cell	  and	  the	  target	  cell.	  
Research	   is	  ongoing	   into	  discovering	   the	  mechanism	  by	  which	   lytic	  granules	  are	  delivered	   through	  
the	   fine	   cortical	   actin	   mesh	   known	   to	   exist	   just	   beneath	   the	   NK	   cell	   membrane.	   The	   optical	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resolution	   offered	   by	   standard	   imaging	   techniques,	   such	   as	   confocal	  microscopy,	   is	   insufficient	   to	  
resolve	   this	   actin	  mesh	  and	   thus	   super-­‐resolution	   techniques	   such	  as	   STED	  are	   required	   [96].	   	   For	  
super-­‐resolution	  imaging	  of	  the	  interaction	  between	  two	  cells	  in	  their	  natural	  state	  it	  is	  required	  that	  
super-­‐resolution	  is	  achieved	  in	  the	  lateral	  and	  axial	  planes	  and	  that	  the	  imaging	  quality	  is	  maintained	  
several	  microns	  into	  the	  sample.	  At	  the	  outset	  of	  this	  work,	  other	  super-­‐resolution	  techniques	  such	  
as	  PALM	  and	  STORM	  were	  generally	  restricted	  to	  the	  coverslip	  and	  so	  3D-­‐STED	  was	  identified	  as	  the	  
most	   appropriate	  method	   to	   study	   the	   immune	   synapse.	   Conjugates	   of	   living	   NK	   and	   target	   cells	  
have	  previously	  been	  imaged	  using	  laser-­‐scanning	  confocal	  fluorescence	  microscopy	  [97].	  
Figure	  39	  presents	  confocal	  and	  3D-­‐STED	  images	  of	  tubulin	  labelled	  using	  phalloidin-­‐STAR635P	  at	  the	  
immune	   synapse	   between	   a	   YTS	   NK-­‐cell	   and	   a	   221	   target	   cell.	   The	   immune	   synapse	   lies	   in	   the	  
(vertical)	   x-­‐z	   plane	   and	   Figure	   39	   shows	   the	   improved	   resolution	   of	   the	   images	   of	   the	   tubulin	  
network	   at	   a	  depth	  of	   ~8-­‐10	  μm	  beyond	   the	   coverslip	   (increasing	   z	   represents	   increasing	  distance	  
from	  the	  coverslip).	  
	  
Figure	  39	  -­‐	  confocal	  (a)	  and	  STED	  (b)	  images	  of	  the	  immune	  synapse	  in	  the	  x-­‐y	  plane,	  image	  size	  =	  512	  x	  512	  pixels,	  dwell	  
time	  =0.4	  ms,	  pixel	  size	  =	  52	  nm.	  Confocal	  (c)	  and	  STED	  (d)	  images	  of	  the	  immune	  synapse	  imaged	  in	  the	  x-­‐z	  plane	  as	  
indicated	  by	  the	  dashed	  line	  in	  (a)	  and	  (b)	  image	  size	  =	  256	  x	  256	  pixels,	  dwell	  time	  =0.4	  ms,	  pixel	  size	  =	  45	  nm.	  Excitation	  
and	  depletion	  were	  performed	  with	  light	  of	  wavelength	  609	  nm	  and	  780	  nm	  respectively.	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Line	   profiles	  were	   taken	   through	   structures	   along	   the	   lateral	   and	   axial	   directions	   at	   the	   positions	  
indicated	  by	  the	  yellow	  arrows	  in	  Figure	  39	  (d).	  The	  line	  profiles	  are	  shown	  in	  Figure	  40	  and	  indicate	  
the	  ability	  to	  image	  lateral	  structures	  with	  a	  PSF	  FWHM	  of	  130	  nm	  –	  an	  approximate	  2-­‐fold	  increase	  
on	   the	   confocal	   imaging	   –	  while	   the	   axial	   PSF	   FWHM	   is	   136	  nm	  –	   a	   ~4-­‐fold	   enhancement	   in	   axial	  
resolution	  compared	  to	  confocal	  microscopy.	  
	  
Figure	  40	  -­‐	  Lateral	  (a)	  and	  axial	  (b)	  line	  profiles	  of	  structures	  presented	  in	  Figure	  39	  (d)	  along	  with	  line	  profiles	  from	  the	  
corresponding	  structures	  in	  confocal	  image	  in	  Figure	  39	  (c).	  
It	   is	   believed	   that	   this	   was	   the	   first	   successful	   application	   of	   any	   super-­‐resolved	   microscopy	  
technique	   to	   image	   an	   immune	   synapse	  between	   two	   interacting	   cells	   [83].	   Study	  of	   the	   immune	  
synapse	  has	  previously	  been	  limited	  to	  artificial	  synapses	  created	  on	  a	  coverslip	  [98],	  [192].	  
3.3 Application	  of	  STED	  to	  NV	  centres	  in	  Bulk	  Diamond	  
Figure	   41	   presents	   exemplar	   confocal	   and	   STED	   images	   of	   NV	   centres	   in	   bulk	   diamond	   in	   the	   x-­‐y	  
plane.	   These	   images	   have	   been	   smoothed	   with	   a	   Gaussian	   kernel	   and	   have	   also	   had	   a	   diffuse	  
background	  subtracted	  using	  a	  rolling	  ball	  algorithm	  in	  Image	  J	  [100].	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Figure	  41	  -­‐	  Confocal	  (a)	  and	  STED	  (b)	  images	  of	  NV-­‐	  centres	  in	  bulk	  CVD	  diamond	  in	  the	  x-­‐y	  plane.	  Image	  size	  =	  128	  x	  128	  
pixels,	  dwell	  time	  =	  2.4	  ms,	  pixel	  size	  =	  18	  nm.	  (a)	  10	  frames	  accumulated,	  (b)	  20	  frames	  accumulated.	  
It	   is	  not	  known	  if	  the	  features	  seen	  in	  Figure	  41	  (a)	  are	  single	  NV	  centres	  but	  their	  similar	  size	  and	  
brightness	  could	   suggest	   that	   they	  are.	  The	   improvement	   in	   resolution	  with	   the	  application	  of	   the	  
depletion	  beam	   is	   clear	   and	   FWHM	  of	  one	  of	   these	   features	   (raw	  data)	   implies	   a	   STED	   resolution	  
below	  100nm	  as	  demonstrated	  by	  the	  fitted	  line	  profile	  indicated	  in	  Figure	  42	  (a).	  	  
	  
Figure	  42-­‐	  lateral	  line	  profile	  (black	  dots)	  taken	  from	  region	  indicated	  by	  the	  yellow	  arrows	  in	  Figure	  41	  (b)	  with	  
Lorentzian	  fit	  (red	  line)	  demonstrating	  lateral	  STED	  PSF	  FWHM	  of	  90	  nm.	  The	  line	  profile	  of	  the	  corresponding	  region	  in	  
the	  confocal	  image	  in	  Figure	  41	  (a)	  is	  also	  shown	  (blue	  line).	  
It	  is	  believed	  that	  the	  resolutions	  demonstrated	  here	  are	  limited	  by	  the	  depletion	  source	  used,	  which	  
limits	  the	  maximum	  depletion	  pulse	  energy	  to	  approximately	  2.5	  nJ.	   It	   is	  noted	  that	   imaging	  of	  NV	  
centres	  in	  bulk	  diamond	  has	  been	  carried	  out	  with	  <	  10	  nm	  resolution	  using	  STED	  microscopy	  [101].	  
In	  those	  experiments	  the	  depletion	  source	  used	  provided	  775	  nm	  radiation	  with	  pulse	  width	  3.2	  ns	  
at	  8	  MHz,	  thereby	  delivering	  10	  times	  higher	  depletion	  energy	  per	  pulse	  for	  the	  same	  average	  power	  
compared	  to	  the	  80	  MHz	  Ti:Sapphire	  source	  used	  here.	  The	  3.2	  ns	  pulses	  also	  present	  a	  lower	  peak	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power	  than	  the	  ~200	  ps	  pulses	  used	  here,	  thus	  lowering	  the	  probability	  of	  non-­‐linear	  processes	  that	  
may	  contribute	  to	  a	  background	  signal.	  
3.4 Summary	  
This	  chapter	  has	  outlined	  the	  design	  and	  operating	  principles	  of	  a	  flexible	  3D-­‐STED	  microscope	  that	  
includes	  a	  novel	  SLM	  based	  arrangement	  for	  the	  robust	  generation	  of	  a	  3D	  depletion	  PSF	  that	  also	  
provides	   the	   capability	   to	   adaptively	   correct	   system	   and	   sample	   aberrations.	   This	   system	   also	  
incorporates	  TCSPC	  electronics,	   thereby	  providing	  FLIM	  capability	  and	   the	  potential	   for	  multi-­‐label	  
STED	  imaging.	  Data	  have	  been	  presented	  that	  characterize	  the	  performance	  of	  the	  instrument	  and	  
demonstrate	   the	   first	   super-­‐resolved	   imaging	  of	   the	   immune	  synapse	  between	  a	  natural	   killer	   cell	  
and	   its	   target	   cell.	   Images	   to	   demonstrate	   the	   applicability	   of	   the	   instrument	   to	   sub-­‐diffraction	  
imaging	  of	  NV	  centres	  in	  CVD	  diamond	  have	  also	  been	  shown.	  
Some	  components	  of	  the	  described	  system	  are	  now	  behind	  the	  state	  of	  the	  art.	  For	  instance,	  fibre	  
based	   laser	   sources	   are	   now	   available	  which	   could	   replace	   the	   Ti:Sapphire	   laser	   used	   here.	   Since	  
fibre	  based	  depletion	  sources	  can	  provide	  pulses	  with	  characteristics	  already	  appropriate	  for	  STED,	  
there	   is	   no	   need	   for	   any	   pulse	   stretching	   apparatus	   [71],	   [102].	   Furthermore,	   these	   sources	   have	  
higher	  average	  power	  outputs	  and	  lower	  repetition	  rates	  compared	  with	  common	  Ti:Sapphire	  lasers	  
and	   hence	   provide	   much	   higher	   depletion	   pulse	   energies.	   This	   could	   allow	   for	   more	   complete	  
suppression	  of	   fluorescence	  and	  higher	  resolution	  STED	   imaging.	  Due	  to	   long	  pulse	  widths	   (~1	  ns),	  
the	   peak	   power	   is	   comparable	   or	   less	   than	   that	   of	   the	   ~200	   ps	   depletion	   pulses	   used	   in	   the	  
experiments	   in	   this	   chapter	   thus	   avoiding	   unwanted	   non-­‐linear	   processes	   while	   improving	  
fluorescence	   suppression.	   Further	   benefits	   of	   such	   lasers	   include	   narrow	   emission	   linewidth	   and	  
straightforward	  electronic	  synchronization	  with	  triggerable	  pulsed	  diodes	  for	  excitation.	  
The	   potential	   for	   the	   instrumentation	   presented	   in	   this	   chapter	   to	   correct	   for	   sample	   induced	  
aberrations	   has	   been	   mentioned	   but	   not	   demonstrated.	   This	   is	   discussed	   in	   Chapter	   4.	   The	  
adaptation	   of	   this	   equipment	   to	   incorporate	   beam	   scanning	   instead	   of	   stage	   scanning	   is	   also	  
presented	  in	  Chapter	  7	  along	  with	  the	  design	  and	  construction	  of	  a	  STED	  system	  intended	  for	  super-­‐
resolution	  imaging	  of	  GFP.	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Chapter	  4. Aberration	  Correction	  in	  STED	  Microscopy	  
4.1 Introduction	  
To	  date	  most	  research	  groups	  have	  not	  incorporated	  adaptive	  optical	  elements	  to	  their	  STED	  setups	  
due	  to	  the	  increased	  complexity	  involved.	  However,	  it	  is	  clear	  that	  there	  are	  many	  applications	  that	  
require	  STED	  imaging	  within	  aberrating	  specimens	  such	  as	  live	  cells,	  tissue	  sections,	  living	  brain	  and	  
bulk	  materials.	  The	  aberrations	  experienced	  in	  samples	  such	  as	  these	  will	   inevitably	  degrade	  image	  
quality	  and	  so	  there	  is	  a	  need	  for	  the	  development	  of	  aberration	  correction	  schemes	  for	  use	  in	  these	  
niche	   applications.	   Aberration	   correction	   in	   STED	  microscopy	   has	   been	   addressed	   in	   publications	  
describing	   the	   use	   of	   an	   objective	   lens	  with	   a	   correction	   collar	   for	   imaging	   deep	   into	   brain	   tissue	  
[103],	   a	   solid	   immersion	   lens	   produced	   in	   bulk	   diamond	   by	   ion	   beam	  milling	   to	   cancel	   spherical	  
aberration	  when	  imaging	  nitrogen	  vacancy	  centres	  [70]	  and	  a	  sensorless	  iterative	  approach	  utilising	  
spatial	   light	  modulator	   devices	   to	   image	   fluorescent	   beads	   through	   an	   aberrating	   zebrafish	   retina	  
[84].	  
The	   correction	   collar	   approach	   achieved	   good	   results	   but	   it	   is	   perhaps	   unsuitable	   for	   rapid	   3D	  
imaging	  as	  it	  requires	  user	  intervention	  at	  each	  depth	  in	  the	  sample.	  Also,	  the	  correction	  of	  sample	  
induced	   spherical	   aberration	   in	   this	   way	   is	   not	   continuously	   or	   adaptively	   adjustable.	   Correction	  
collars	   are	  designed	   to	   compensate	   for	   variations	   in	   coverglass	   thickness	   rather	   than	   variations	   in	  
the	  refractive	  index	  structure	  of	  specimens	  and	  imaging	  deeper	  into	  samples	  is	   likely	  to	  be	  outside	  
the	  design	  parameters.	  Adjustment	  of	  the	  correction	  collar	  is	  also	  likely	  to	  introduce	  focal	  shifts	  and	  
image	  displacement.	  
The	   solid	   immersion	   lens	   used	   for	   imaging	   diamond	   represents	   an	   extremely	   well	   controlled	  
approach	   to	  aberration	   compensation	  as,	   in	  principle,	   it	   exactly	   compensates	   for	   the	   refraction	  of	  
the	   light	   introduced	  by	  refractive	   index	  mismatch	  between	  the	   immersion	  media	  and	  the	  diamond	  
sample.	   This	   technique	   allowed	   for	   the	   highest	   resolution	   STED	   image	   reported	   to	   date	   and	   also	  
drastically	  improved	  the	  fluorescence	  emission	  collection	  efficiency.	  However,	  a	  key	  drawback	  of	  this	  
highly	  specialized	  method	  is	  that	   it	   is	  restricted	  to	  one	  point	   in	  the	  sample	  and	  cannot	  be	  used	  for	  
compensating	  aberrations	  over	  an	  extended	  field	  of	  view.	  
The	   sensorless	   iterative	   approach	   to	   adaptive	   optics	   in	   STED	  microscopy	  was	   demonstrated	   using	  
two	  SLM	  devices	  to	  correct	  aberrations	  experienced	  by	  the	  excitation	  beam	  and	  the	  depletion	  beam	  
respectively.	   Aberrations	   were	   modelled	   as	   a	   set	   of	   Zernike	   polynomials	   that	   can	   be	   adjusted	  
independently	  of	  one	  another.	  The	  correction	  routine	  proceeded	  by	  applying	  a	  varied	  amplitude	  of	  
each	   Zernike	   aberration	   mode	   to	   the	   beams	   and	  monitoring	   the	   image	   quality	   achieved	   at	   each	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aberration	   amplitude.	   The	   image	   quality	   was	   assessed	   using	   a	   metric	   that	   combined	   both	   image	  
brightness	   and	   image	   sharpness.	   In	   a	   standard	   adaptive	   optical	   microscope,	   brightness	   alone	   is	  
usually	  sufficient	  as	  an	   image	  quality	  metric	  [104].	   	  However,	   in	  a	  STED	  microscope,	  a	  poor	  quality	  
depletion	  PSF	  can	  impact	  the	  performance	  of	  the	  system	  in	  a	  way	  that	  either	  increases	  or	  decreases	  
the	   brightness	   of	   the	   image	   depending	   on	   the	   nature	   of	   the	   aberration	   and	   so	   a	   metric	   that	  
combines	   both	   a	   measure	   of	   the	   image	   brightness	   and	   the	   resolution	   obtained	   is	   required.	   This	  
method	   of	   aberration	   correction	   achieved	   striking	   gains	   in	   signal	   and	   resolution	   when	   imaging	  
fluorescent	  beads	  through	  an	  aberrating	  layer	  of	  glycerol	  or	  a	  zebrafish	  retina.	  Further	  benefit	  could	  
be	   gained	   by	   correction	   of	   the	   emission	   path	   of	   this	   instrument.	   The	   broadband	   and	   unpolarised	  
nature	  of	  fluorescence	  emission	  means	  that	  a	  spatial	  light	  modulator	  is	  not	  suitable	  for	  this	  purpose.	  	  
Alternatively,	   a	  deformable	  mirror	  device	   could	  be	  used	   to	   simultaneously	  apply	   correction	   to	   the	  
excitation,	  depletion	  and	  emission	  paths	  of	  the	  microscope.	  
Sensor	   based	   approaches	   to	   adaptive	   optics	   have	   been	   demonstrated	   in	   confocal	   [105]	   and	   two-­‐
photon	  microscopes	  [106],	  [107]	  but	  have	  yet	  to	  be	  applied	  to	  STED	  microscopy.	  
The	  structure	  of	  this	  chapter	  is	  as	  follows	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4.2 Basic	  Principles	  of	  Aberration	  Correction	  
In	   the	   context	   of	   the	   microscopes	   described	   in	   this	   thesis	   an	   aberration	   can	   be	   defined	   as	   any	  
deviation	   of	   the	   wavefront	   at	   the	   entrance	   pupil	   of	   the	  microscope	   objective	   lens	   from	   a	   planar	  
wavefront	   (as	  shown	   in	  Figure	  43).	  The	  concept	  of	  aberration	  compensation	   is	   to	  “pre-­‐aberrate”	  a	  
wavefront	  in	  order	  to	  cancel	  out	  phase	  changes	  that	  occur	  between	  the	  source	  and	  the	  focal	  point.	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Figure	  43	  –	  illustration	  of	  an	  unaberrated	  plane	  wave	  (blue)	  and	  an	  aberrated	  wave	  (red)	  at	  the	  entrance	  pupil	  of	  an	  
objective	  lens.	  	  
Although	   aberrations	   are	   described	   at	   the	   objective	   lens	   pupil	   they	   can	   occur	   at	   any	   place	   in	   the	  
system.	  Aberrations	  that	  occur	  due	  to	  errors	  or	  misalignments	  in	  optical	  components	  are	  known	  as	  
system	  aberrations	  and	  those	  that	  occur	  as	  a	  result	  of	  sample	  refractive	  index	  structure	  are	  known	  
as	  sample	  aberrations.	  For	  instance,	  if	  it	  is	  assumed	  that	  the	  objective	  lens	  is	  aberration	  free,	  then	  a	  
system	  aberration	  could	  be	  the	  result	  of	  a	  non-­‐planar	  laser	  wavefront	  entering	  the	  microscope	  pupil.	  
This	  non-­‐planar	  wavefront	  is	  then	  focused	  down	  by	  the	  objective	  lens	  to	  form	  an	  imperfect	  focus	  in	  
the	  sample,	  resulting	  in	  a	  degraded	  image.	  In	  this	  case	  aberration	  compensation	  proceeds	  by	  “pre-­‐
aberrating”	  the	   laser	  wavefront	   to	  cancel	  phases	  changes	  that	  are	   imparted	  to	  the	  beam	  between	  
the	  source	  and	  the	  objective	  lens	  pupil.	  On	  the	  other	  hand,	  sample	  aberrations	  are	  a	  result	  of	  phase	  
changes	   imparted	   to	   focusing	   spherical	   waves	   by	   non-­‐homogenous	   refractive	   index	   structure	   of	  
samples	   that	   lie	   between	   the	   objective	   lens	   and	   its	   focal	   point.	   Here,	   aberration	   compensation	  
proceeds	   by	   pre-­‐aberrating	   the	   laser	   wavefront,	   but	   in	   such	   a	   way	   as	   to	   create	   a	   non-­‐planar	  
wavefront	  at	  the	  pupil	  that	  is	  then	  cancelled	  by	  the	  sample.	  
In	  a	  STED	  microscope	  there	  are	  three	  separate	  light	  paths	  that	  can	  be	  affected	  by	  aberrations	  -­‐	  the	  
excitation	  path,	  the	  depletion	  path	  and	  the	  emission	  path.	  These	  three	  paths	  can	  experience	  distinct	  
aberrations	   stemming	   from	   system	   aberrations	   in	   their	   respective	   optical	   paths	   but	   will	   also	  
experience	  sample	  aberrations	  because	  of	  their	  common	  path	  between	  the	  entrance	  pupil	  and	  the	  
focal	  point	  of	  the	  objective	  lens.	  An	  ideal	  instrument	  is	  one	  that	  contains	  no	  system	  aberrations	  and	  
has	  an	  adaptive	  optical	  element	  that	  simultaneously	  corrects	  the	  sample	  aberrations	  experienced	  by	  
the	  excitation,	  depletion	  and	  emission	  paths.	  However,	  the	  work	  described	  here	  only	  had	  the	  benefit	  
of	  an	  adaptive	  element	  in	  the	  depletion	  path	  used	  to	  correct	  aberrations	  in	  the	  depletion	  beam.	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4.3 Aberrations	  Described	  by	  Zernike	  Polynomials	  
Zernike	  polynomials	  are	  a	  set	  of	  orthogonal	  polynomials	  that	  are	  defined	  on	  a	  unit	  circle.	  They	  were	  
first	  used	  by	  Zernike	  in	  1934	  for	  the	  testing	  of	  circular	  mirrors	  for	  phase	  contrast	  microscopy	  [108].	  
Today	  their	  use	  in	  describing	  the	  wavefront	  phase	  functions	  of	  optical	  systems	  with	  a	  circular	  pupil	  is	  
widespread.	  
Figure	  44	  shows	  a	  diagram	  of	  a	  circular	  pupil	  of	  radius	  𝑎.	  The	  polar	  coordinates	   𝜌, 𝜃 of	  the	  pupil	  are	  
defined	  as	  𝜌   =   𝑟/𝑎,	  such	  that	  0 ≤ 𝜌 ≤ 1,	  and	  0 ≤ 𝜃 ≤ 2𝜋.	  
	  
Figure	  44	  –	  Circular	  pupil	  over	  which	  Zernike	  polynomials	  are	  defined.	  	  
The	  wave	  aberration	  function,	  𝑊 𝜌, 𝜃 ,	  which	  describes	  the	  phase	  of	  the	  wavefront	  at	  the	  pupil,	  can	  
be	  expressed	  using	  a	  complete	  set	  of	  Zernike	  polynomials	  [109]	  
𝑊 𝜌, 𝜃 =    2 𝑛 + 11 + 𝛿!!!!!!
!
!!!
!! 𝑅!!(𝜌)(𝑐!" cos𝑚𝜃 + 𝑠!" sin 𝑚𝜃 )	   (47)	  
Where	  𝑐!"	  and	  𝑠!"	  are	  the	  aberration	  coefficients,	  𝑛	  and	  𝑚	  are	  positive	   integers	  which	  relate	  to	  
the	   ordering	   of	   the	   radial	   and	   azimuthal	   variations	   of	   the	   polynomials	   respectively	   and	   𝛿!" 	   is	   a	  
Kronecker	  delta.	  The	  radial	  variations	  of	  the	  Zernike	  polynomials,	  𝑅!! ,	  are	  given	  by	  
𝑅!! = −1 ! 𝑛 − 𝑠 !𝑠! 𝑛 +𝑚2 − 𝑠 ! 𝑛 −𝑚2 − 𝑠 ! 𝑟!!!!
(!!!)/!
!!! 	   (48)	  
Mahajan	  introduced	  a	  scheme	  that	  conveniently	  represents	  the	  Zernike	  in	  a	  single	  index	  form	  such	  
that	  the	  wave	  aberration	  function	  is	  described	  as	  
𝑊 𝜌, 𝜃 =    𝑎!𝑍!(𝜌, 𝜃)!!!! 	   (49)	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where	   𝑍! 	   is	   a	   Zernike	   polynomial,	   the	   index	   𝑗	   is	   a	   function	   of	   𝑛	   and	  𝑚	   and	   aj	   is	   the	   aberration	  
coefficient	  [109].	  
Table	   2	   shows	   a	   set	   of	   Zernike	   polynomials	   expressed	   in	   polar	   coordinates	   and	   following	   the	  
numbering	   convention	   used	   by	  Neil	   et	   al	   [110],	  which	   is	   a	   slight	  modification	   of	  Mahajan’s	   single	  
index	  form.	  
j	   n	   m	     𝐙𝐣(𝛒,𝛉)	   Name	  
1	   0	   0	   1	   Piston	  
2	   1	   1	   2𝜌cos   𝜃	   Tip	  
3	   1	   -­‐1	   2𝜌sin   𝜃	   Tilt	  
4	   2	   0	   3  (2𝜌! − 1)	   Defocus	  
5	   2	   2	   6 𝜌!cos 2𝜃	   Primary	  astigmatism	  
6	   2	   -­‐2	   6𝜌! sin 2𝜃	   Primary	  astigmatism	  
7	   3	   1	   8 3𝜌! − 2𝜌 cos 𝜃	   Primary	  coma	  
8	   3	   -­‐1	   8 3𝜌! − 2𝜌 sin 𝜃	   Primary	  coma	  
9	   3	   3	   8𝜌! cos 3𝜃	   Trefoil	  
10	   3	   -­‐3	   8𝜌! sin 3𝜃	   Trefoil	  
11	   4	   0	   5(6𝜌! − 6𝜌! + 1)	   Primary	  spherical	  aberration	  
12	   4	   2	   10 4𝜌! − 3𝜌! cos 2𝜃	   Secondary	  astigmatism	  
13	   4	   -­‐2	   10 4𝜌! − 3𝜌! sin 2𝜃	   Secondary	  astigmatism	  
14	   4	   4	   10𝜌! cos 4𝜃	   Primary	  quadrafoil	  
15	   4	   -­‐4	   10𝜌! sin 4𝜃	   Primary	  quadrafoil	  
16	   5	   1	   12 10𝜌! − 12𝜌! + 3𝜌 cos 𝜃	   Secondary	  coma	  
17	   -­‐5	   -­‐1	   √(12   10𝜌! − 12𝜌! + 3𝜌 sin 𝜃	   Secondary	  coma	  
18	   5	   3	   12 5𝜌! − 4𝜌! cos 3𝜃	   Secondary	  trefoil	  
19	   5	   -­‐3	   12 5𝜌! − 4𝜌! sin 3𝜃	   Secondary	  trefoil	  
20	   5	   5	   12𝜌! cos 5𝜃	   Primary	  pentafoil	  
21	   5	   -­‐5	   12𝜌! sin 5𝜃	   Primary	  pentafoil	  
22	   6	   0	   7(20𝜌! − 30𝜌! + 12𝜌! − 1)	   Secondary	  spherical	  aberration	  
37	   8	   0	   3(70𝜌! − 140𝜌! + 90𝜌! + 20𝜌! + 1)	   Third	  order	  spherical	  aberration	  
Table	  2	  -­‐	  Zernike	  circle	  polynomials	  in	  polar	  coordinates	  
Figure	  45	  shows	  simulated	  (a)	  Gaussian	  excitation	  foci	  and	  (b)	  helicoidal	  phase	  doughnut	  foci	  in	  the	  
x-­‐y	   plane	   that	   are	   aberrated	  with	   varying	   amplitudes	   of	   Zernike	  modes	   of	   increasing	   order	  𝑛	   and	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non-­‐zero	   kind	  𝑚.	   These	   foci	   were	   calculated	   for	   circularly	   polarised	   light	   of	   wavelength	   780	   nm	  
uniformly	  illuminating	  a	  1.4	  NA	  oil	  immersion	  lens	  using	  the	  vectorial	  diffraction	  theory	  of	  Richards	  
and	  Wolf	  [92]	  and	  using	  FFT	  operations	  [93].	  
	  
Figure	  45	  –	  (a)	  Excitation	  and	  (b)	  doughnut	  depletion	  foci	  in	  the	  x-­‐y	  plane	  aberrated	  with	  Zernike	  Polynomials	  of	  non-­‐
zero	  kind	  and	  increasing	  order	  (left	  to	  right)	  and	  RMS	  amplitude	  0	  to	  1	  radians	  (top	  to	  bottom).	  Calculated	  in	  the	  x-­‐y	  
plane	  for	  NA	  =	  1.4.	  and	  wavelength	  780	  nm.	  
It	   can	   be	   seen	   that	   all	   of	   these	   aberrations	   of	   non-­‐zero	   kind	   break	   the	   transverse	   plane	   circular	  
symmetry	  of	  the	  foci	  in	  some	  way.	  For	  a	  functional	  STED	  microscope	  it	  is	  critical	  that	  the	  quality	  of	  
the	  depletion	  doughnut’s	   central	   zero	  and	   its	  overlap	  with	   the	  excitation	   focus	  are	  maintained.	   In	  
this	  thesis	  Zernike	  modes	  were	  used	  to	  correct	  for	  system	  aberrations	  but,	  as	  discussed	  earlier,	  they	  
have	   previously	   been	   used	   to	   correct	   sample	   aberrations	   experienced	   in	   a	   STED	   microscope	  
employing	  a	  bottle	  beam	  for	  depletion	  [84].	  Low	  order	  astigmatism	  and	  coma	  modes	  rapidly	  destroy	  
the	   doughnut	   minimum.	   Furthermore,	   coma	   modes	   laterally	   shift	   the	   position	   of	   the	   doughnut	  
minimum,	  thus	  affecting	  the	  overlap	  with	  the	  excitation	  focus.	  The	  effects	  of	  astigmatism	  and	  coma	  
on	  the	  helicoidal	  beam	  focus	  are	  discussed	  further	  below.	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4.3.1 Astigmatism	  
Figure	  46	  shows	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  
1.4	  NA	  objective	  lens	  in	  the	  presence	  of	  increasing	  rms	  amplitude	  (𝜙!"#)	  of	  primary	  astigmatism.	  	  
	  
Figure	  46	  –	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens	  in	  
the	  presence	  of	  increasing	  amplitude	  of	  primary	  astigmatism.	  From	  top	  to	  bottom:	  normal	  Gaussian	  foci,	  doughnut	  
depletion	  foci,	  fluorescence	  emission	  distributions,	  fluorescence	  emission	  distributions	  for	  the	  case	  of	  a	  corrected	  
depletion	  focus.	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From	  top	  to	  bottom,	  the	  rows	  of	  imagess	  represent	  a	  normal	  Gaussian	  focus	  that	  would	  be	  used	  for	  
fluorescence	  excitation,	  a	  doughnut	  focus	  used	  for	  depletion	  of	  fluorescence	  in	  the	  lateral	  plane,	  the	  
resulting	   emission	   distributions	   calculated	   using	   a	   peak	   STED	   intensity,	   𝐼!"#$,	   equal	   to	   10	   and	   50	  
times	  the	  saturation	   intensity,	  𝐼!"#,	  and	  the	  resulting	  emission	  distributions	  calculated	  for	  the	  case	  
where	   only	   the	   excitation	   focus	   experiences	   aberration	   (i.e.	   for	   a	   fully	   corrected	   depletion	   focus)	  
also	  for	  peak	  STED	  intensity	  equal	  to	  10	  and	  50	  times	  the	  saturation	  intensity.	  
The	  images	  in	  Figure	  46	  show	  that,	  for	  both	  the	  excitation	  and	  depletion	  foci,	  primary	  astigmatism	  
causes	   asymmetry	   and	   a	   reduction	   in	   intensity	   of	   the	   foci.	   The	   impact	   of	   this	   aberration	   on	   the	  
depletion	   focus	   is	   particularly	   extreme,	   with	   the	   energy	   rapidly	   dispersing	   into	   two	   lobes	   and	  
destroying	  the	  central	  zero.	  As	  can	  be	  seen	  in	  the	  emission	  distributions,	  the	  fluorescence	  signal	   is	  
rapidly	  degraded	  by	  the	  combination	  of	  reduced	  excitation	  efficiency	  and	  depletion	  of	  fluorescence	  
by	  a	  highly	   aberrated	  doughnut	   focus.	   	   Partial	   recovery	  of	   the	  emission	  distribution	   is	   possible	  by	  
correction	   of	   the	   depletion	   beam	   alone	   as	   shown	   in	   the	   bottom	   row	   of	   emission	   distributions	   in	  
Figure	   46.	   Figure	   47	   shows	   line	   profiles	   through	   along	   the	   x-­‐axis	   and	   through	   the	   centre	   of	   the	  
depletion	  focus	  with	  increasing	  aberration	  amplitude.	  These	  line	  profiles	  highlight	  the	  destruction	  of	  
the	   doughnut	   shape	   and	   the	   rapid	   onset	   of	   intensity	   appearing	   in	   the	   central	   minimum	   of	   the	  
doughnut	  in	  the	  presence	  of	  primary	  astigmatism.	  
	  
Figure	  47	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  helicoidal	  beam	  focus	  for	  increasing	  amplitudes	  of	  
primary	  astigmatism.	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The	   intensity	   of	   the	   doughnut	   minimum	   should	   be	   less	   than	   1%	   of	   the	   peak	   intensity	   of	   the	  
doughnut	   in	   ideal	   circumstances	   and	   these	   data	   indicate	   that	   relatively	   small	   amounts	   of	  
astigmatism	  will	  severely	  impact	  the	  performance	  of	  a	  STED	  microscope	  [69],	  [95].	  
	  
Figure	  48	  -­‐	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens	  in	  
the	  presence	  of	  increasing	  amplitude	  of	  secondary	  astigmatism.	  From	  top	  to	  bottom:	  normal	  Gaussian	  foci,	  doughnut	  
depletion	  foci,	  emission	  distributions	  and	  emission	  distributions	  for	  the	  case	  of	  a	  corrected	  depletion	  focus.	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These	  effects	  apply	  to	  both	  orientations	  of	  primary	  x	  astigmatism	  (i.e	  Zernike	  modes	  j	  =	  5	  and	  j	  =	  6).	  
As	  is	  shown	  in	  Figure	  45	  the	  net	  results	  of	  these	  different	  orientations	  of	  primary	  astigmatism	  on	  the	  
foci	  are	  the	  same	  except	  that	  the	  intensity	  is	  dispersed	  into	  a	  different	  transverse	  direction.	  
Figure	  48	  shows	  simulated	  x-­‐y	  plane	  excitation,	  depletion	  and	  emission	  foci	  calculated	  for	  circularly	  
polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens	  in	  the	  presence	  of	  increasing	  amplitude	  of	  
secondary	   astigmatism.	   The	   effects	   of	   this	   aberration	   are	   similar	   to	   those	   seen	   with	   primary	  
astigmatism,	   but	   with	   a	   less	   rapid	   onset.	   Partial	   recovery	   of	   the	   shape	   and	   intensity	   of	   emission	  
distribution	  is	  possible	  by	  correcting	  the	  depletion	  focus	  alone.	  
Figure	  49	  shows	  x-­‐axis	  line	  profiles	  taken	  through	  the	  centre	  of	  the	  doughnut	  focus	  with	  increasing	  
amplitude	   of	   secondary	   astigmatism.	   These	   line	   profiles	   illustrate	   the	   effect	   of	   secondary	  
astigmatism	   on	   the	   intensity	   seen	   in	   the	   doughnut	   minimum.	   Only	   at	   the	   largest	   aberration	  
amplitudes	  does	  the	  quality	  of	  the	  minimum	  start	  to	  become	  unacceptable.	  	  
	  
Figure	  49	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  helicoidal	  beam	  focus	  for	  increasing	  amplitudes	  of	  
secondary	  astigmatism.	  
4.3.2 Coma	  
Figure	  50	  shows	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  
1.4	   NA	   objective	   lens	   in	   the	   presence	   of	   increasing	   amplitude	   of	   primary	   coma.	   This	   aberration	  
induces	  asymmetry	  of	  the	  foci	  and	  a	  reduction	  of	  intensity.	  The	  depletion	  focus	  loses	  intensity	  and	  
intensity	  appears	  in	  the	  central	  minimum,	  although	  this	  occurs	  with	  a	  slower	  onset	  than	  is	  seen	  with	  
astigmatism.	   The	   calculated	   emission	   distributions	   show	   that	   these	   effects	   combine	   to	   cause	   a	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drastic	   reduction	   in	   fluorescence	   intensity	   that	   can	   be	   partially	   recovered	   by	   correction	   of	   the	  
depletion	  beam	  alone.	  
	  
Figure	  50	  -­‐	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens	  in	  
the	  presence	  of	  increasing	  amplitude	  of	  primary	  coma.	  From	  top	  to	  bottom:	  normal	  Gaussian	  foci,	  doughnut	  depletion	  
foci,	  emission	  distributions	  and	  emission	  distributions	  for	  the	  case	  of	  a	  corrected	  depletion	  focus.	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Figure	  51	  shows	  a	  graphical	  representation	  of	  line	  profiles	  taken	  through	  the	  centre	  of	  the	  depletion	  
focus	  along	  the	  x-­‐axis.	  These	  reveal	  a	  modest	  lateral	  shift	  of	  the	  central	  minimum	  for	  low	  aberration	  
amplitudes	  and	  a	  complete	  flattening	  off	  the	  right	  hand	  lobe	  with	  the	  highest	  aberration	  amplitude.	  
The	   line	   profiles	   also	   indicate	   illustrate	   the	   increasing	   intensity	   in	   the	   central	   minimum	   of	   the	  
depletion	  focus	  even	  at	  modest	  aberration	  amplitudes.	  
	  
Figure	  51	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  in	  the	  presence	  of	  
varying	  amplitude	  of	  primary	  x	  coma.	  
Figure	  52	  shows	  x-­‐axis	  line	  profiles	  through	  the	  centre	  of	  an	  unaberrated	  doughnut	  focus	  (red	  line)	  
and	  a	  Gaussian	  excitation	  focus	  aberrated	  with	  1	  radian	  RMS	  of	  primary	  coma	  (blue	  line).	  There	  is	  a	  
slight	   lateral	  misalignment	  between	  the	  maximum	  of	  the	  excitation	  focus	  and	  the	  minimum	  of	  the	  
depletion	   focus,	   therefore	   in	   a	   system	   where	   the	   depletion	   beam	   is	   corrected	   for	   primary	   coma	  
aberrations	  it	  may	  be	  beneficial	  to	  fine	  tune	  the	  overlap	  between	  the	  depletion	  and	  excitation	  PSFs	  
using	  additional	  tip	  or	  tilt	  modes.	  This	  will	  be	  increasingly	  significant	  as	  the	  amplitude	  of	  the	  primary	  
coma	  aberration	  increases.	  
	  
101	  
	  
	  
Figure	  52	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  with	  no	  aberration	  (red	  
line)	  and	  a	  Gaussian	  excitation	  focus	  with	  𝝓𝑹𝑴𝑺 = 𝟏  𝒓𝒂𝒅  of	  primary	  coma.	  Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  
nm.	  
Figure	  53	  shows	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  
1.4	   NA	   objective	   lens	   in	   the	   presence	   of	   increasing	   amplitude	   secondary	   coma.	   In	   general,	   this	  
aberration	  has	  a	  less	  severe	  impact	  that	  primary	  coma.	  
The	  calculated	  emission	  PSFs	  indicate	  that	  the	  performance	  of	  a	  STED	  microscope	  is	  hardly	  affected	  
in	  the	  presence	  of	  this	  aberration	  (at	  the	  aberration	  amplitudes	  investigated	  here).	  Furthermore,	  it	  is	  
seen	   that	   correction	  of	   the	  depletion	  PSF	  alone	  actually	   results	   in	  a	   reduction	  of	   the	   fluorescence	  
signal.	   This	   can	   be	   explained	   by	   examining	   the	   positions	   of	   the	   excitation	   PSF	  maximum	   and	   the	  
depletion	  PSF	  central	  minimum.	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Figure	  53	  -­‐	  simulated	  x-­‐y	  plane	  PSFs	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens	  in	  
the	  presence	  of	  increasing	  amplitude	  of	  secondary	  coma.	  From	  top	  to	  bottom:	  normal	  Gaussian	  foci,	  doughnut	  depletion	  
foci,	  emission	  distributions,	  emission	  distributions	  for	  the	  case	  of	  a	  corrected	  depletion	  focus.	  
As	   is	   shown	   in	  Figure	  54	   the	  effects	  of	   this	  aberration	  mode	  on	   the	  depletion	   focus	  are	   similar	   to	  
those	  seen	  with	  primary	  coma	  but	  with	  a	  slower	  onset.	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Figure	  54	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  in	  the	  presence	  of	  
varying	  amplitude	  of	  secondary	  x	  coma.	  
Figure	  55	  shows	  x-­‐axis	  line	  profiles	  through	  the	  centre	  of	  an	  unaberrated	  doughnut	  focus	  (red	  line)	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and	   a	   Gaussian	   excitation	   focus	   aberrated	  with	   1	   radian	   RMS	   of	   secondary	   coma	   (blue	   line).	   The	  
maximum	  of	  the	  aberrated	  excitation	  PSF	  and	  the	  central	  minimum	  of	  the	  corrected	  doughnut	  are	  
slightly	  misaligned.	  At	  larger	  aberration	  amplitudes	  this	  misalignment	  of	  the	  two	  foci	  may	  result	  in	  a	  
significant	   reduction	   in	   fluorescence	   signal.	   Therefore,	   in	   a	   system	   where	   the	   depletion	   focus	   is	  
corrected	   for	   secondary	   coma	   aberration	   it	   would	   be	   beneficial	   to	   adjust	   the	   overlap	   of	   the	  
excitation	  focus	  and	  corrected	  STED	  focus	  using	  additional	  tip	  or	  tilt	  modes.	  
Figure	  55	  -­‐	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  with	  no	  aberration	  (red	  
line)	   and	  a	  Gaussian	  excitation	  PSF	   focus	  𝝓𝑹𝑴𝑺 = 𝟏  𝒓𝒂𝒅	   of	   secondary	   x	   coma	   (blue	   line).	   Calculated	   for	  NA=	  1.4	  and	  
wavelength	  780	  nm.	  
4.3.3 Trefoil,	  quadrafoil	  and	  pentafoil	  
Figure	   56	   below	   shows	   simulated	   x-­‐y	   plane	   Gaussian	   foci,	   doughnut	   depletion	   foci,	   emission	  
distibutions	   and	   emission	   distributions	   in	   the	   case	   of	   an	   unaberrated	   depletion	   focus	   for	   an	  
unaberrated	   system	  and	  one	  which	   is	   aberrated	  with	  1	   radian	  RMS	  of	  primary	   x	   trefoil,	   primary	   x	  
quadrafoil	  or	  primary	  x	  pentafoil.	  The	  emission	  foci	  were	  calculated	  for	  𝐼!"#$ = 50𝐼!"#.	  These	  three	  
types	  of	  aberration	  all	  have	  similar	  net	  results	  on	  the	  imaging	  performance	  of	  a	  STED	  microscope	  in	  
that	  the	  efficiency	  of	  excitation	  and	  depletion	  is	  reduced.	  Correction	  of	  aberrations	  experienced	  by	  
the	  depletion	  beam	  results	  in	  a	  narrower	  emission	  distribution	  due	  to	  the	  increased	  intensity	  of	  the	  
depletion	   focus.	   For	   trefoil,	   some	   increase	   in	   the	   intensity	  of	   the	  emission	  distibution	   is	   also	   seen	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due	  to	  improvement	  of	  the	  doughnut	  minimum.	  Trefoil,	  quadrafoil	  and	  pentafoil	  do	  not	  induce	  any	  
lateral	  or	  axial	  shift	  of	  the	  foci.	  
	  
Figure	  56	  –	  simulated	  x-­‐y	  plane	  foci	  calculated	  for	  circularly	  polarised	  780	  nm	  light	  focused	  by	  a	  1.4	  NA	  objective	  lens.	  (a)	  
Gaussian	  foci,	  (b)	  doughnut	  depletion	  foci,	  (c)	  emission	  distributions	  and	  (d)	  emission	  distributions	  for	  the	  case	  of	  a	  
corrected	  depletion	  focus	  in	  the	  presence	  of	  no	  aberration	  or	  1	  radian	  RMS	  of	  primary	  trefoil,	  primary	  quadrafoil	  or	  
primary	  pentafoil.	  
The	   emission	   distributions	   shown	   in	   column	   (d)	   of	   Figure	   56	   indicate	   that	   correction	   of	   primary	  
trefoil,	  primary	  quadrafoil	  or	  primary	  pentafoil	   for	   the	  STED	  focus	  mainly	   results	   in	  a	  narrowing	  of	  
the	  resultant	  emission	  distributions.	  This	   is	  due	  to	  the	  restoration	  of	  the	   intensity	  of	  the	  depletion	  
focus.	   It	   is	   also	   seen	   that	   the	   correction	   of	   trefoil	   also	   results	   in	   an	   increase	   in	   intensity	   of	   the	  
emission	  distribution.	  Figure	  57	  shows	  line	  profiles	  taken	  through	  the	  centre	  of	  the	  depletion	  focus	  
along	  the	  x	  axis	  in	  the	  presence	  of	  increasing	  primary	  trefoil.	  These	  line	  profiles	  reveal	  an	  increase	  in	  
intensity	   appearing	   in	   the	   central	   minimum	   of	   the	   focus	   as	   the	   amplitude	   of	   trefoil	   aberration	  
increases.	  Similar	   line	  profiles	  are	   shown	   in	  Figure	  58	  and	  Figure	  59	   for	   the	  depletion	   focus	   in	   the	  
presence	   of	   primary	   x	   quadrafoil	   and	   primary	   x	   pentafoil	   respectively,	   demonstrating	   that	   these	  
aberrations	  do	  not	  cause	  intensity	  to	  appear	  in	  the	  central	  minimum	  of	  the	  doughnut	  and	  only	  serve	  
to	  decrease	  the	  intensity	  of	  the	  focus	  and	  cause	  slight	  asymmetry.	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Figure	  57	  –	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  in	  the	  presence	  of	  
varying	  amplitude	  of	  primary	  trefoil.	  
	  
Figure	  58-­‐	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  in	  the	  presence	  of	  
varying	  amplitude	  of	  primary	  quadrafoil.	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Figure	  59-­‐	  x-­‐axis	  line	  profiles	  through	  the	  central	  minimum	  of	  a	  simulated	  helicoidal	  beam	  focus	  in	  the	  presence	  of	  
varying	  amplitude	  of	  secondary	  pentafoil.	  
4.4 Defocus	  and	  spherical	  aberration	  
Figure	   60	   shows	   simulated	   helicoidal	   foci	   that	   are	   aberrated	   with	   varying	   amplitudes	   of	   Zernike	  
modes	  of	  increasing	  order	  𝑛	  and	  zero	  kind	  𝑚.	  Zernike	  modes	  of	  zero	  kind	  are	  those	  associated	  with	  
piston	  (excluded	  here),	  defocus	  and	  spherical	  aberration.	  
	  
Figure	  60	  –	  x-­‐y	  plane	  excitation	  foci	  (left)	  and	  doughnut	  foci	  (right)	  aberrated	  with	  Zernike	  Polynomials	  of	  zero	  kind	  and	  
increasing	  order	  (left	  to	  right)	  and	  RMS	  amplitude	  0	  to	  1	  radians	  (top	  to	  bottom).	  Calculated	  for	  circularly	  polarised	  780	  
nm	  light	  and	  NA	  =	  1.4.	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These	  modes	  do	  not	  affect	  the	  circular	  symmetry	  of	  the	  foci	   in	  the	  transverse	  plane.	  Furthermore,	  
these	  modes	  do	  not	  result	  in	  any	  intensity	  appearing	  in	  the	  central	  minimum	  of	  the	  doughnut	  focus.	  
The	  symmetry	  of	  the	  foci	  along	  the	  optical	  axis	  is	  affected,	  along	  with	  the	  peak	  intensity.	  However,	  
unlike	   modes	   such	   as	   astigmatism	   and	   coma,	   these	   effects	   can	   simply	   be	   compensated	   for	   by	  
increasing	   the	   STED	   beam	   intensity.	   In	   this	   sense	   the	   helicoidal	   phase	   doughnut	   beam	   focus	   is	  
considered	   to	   be	   insensitive	   to	   spherical	   aberration	  modes.	   On	   the	   other	   hand,	   the	   bottle	   beam	  
depletion	   focus	   that	   is	   used	   for	   axial	   depletion	   in	   3D-­‐STED	   is	   badly	   affected	   by	   these	   aberration	  
modes.	  This	  is	  discussed	  further	  below.	  
4.4.1 Defocus	  
Along	  with	  x	  tilt	  and	  y	  tilt	  Zernike	  modes,	  defocus	  can	  be	  used	  to	  fine	  tune	  the	  alignment	  between	  
the	  excitation	  and	  depletion	  foci.	  Figure	  61	  shows	  an	  intensity	  map	  that	  has	  been	  constructed	  from	  
calculated	   axial	   line	   profiles	   (at	   𝑥   =   0,	  𝑦   =   0)	   through	   a	   bottle	   beam	   focus	   in	   the	   presence	   of	  
varying	   amplitude	   of	   defocus.	   It	   can	   be	   seen	   that	   it	   is	   possible	   to	   adjust	   the	   axial	   position	   of	   the	  
bottle	  beam	  over	  a	  relatively	  large	  distance	  without	  introducing	  significant	  asymmetry	  to	  the	  focus.	  
	  
Figure	  61	  -­‐	  Intensity	  map	  constructed	  of	  axial	  line	  profiles	  through	  the	  centre	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  
defocus.	  Calculated	  for	  NA	  =	  1.4	  and	  wavelength	  780	  nm.	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The	   axial	   line	   profiles	   shown	   in	   Figure	   62	   demonstrate	   that	   the	   quality	   of	   the	   focus	   is	   largely	  
maintained	  with	  increasing	  defocus.	  Slight	  asymmetry	  is	  introduced	  at	  larger	  amplitudes	  of	  defocus.	  
	  
Figure	  62	  -­‐	  axial	  line	  profiles	  through	  the	  centre	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  defocus.	  Calculated	  for	  NA	  =	  
1.4	  and	  wavelength	  780	  nm.	  
4.4.2 Spherical	  Aberration	  Modes	  
Zernike	  modes	  of	   zero	  kind	  and	  of	  even	  order	  n	  =	  4	  or	   above	   correspond	   to	   spherical	   aberration.	  
Figure	  63	  (a),	  (b)	  and	  (c)	  shows	  intensity	  maps	  that	  have	  been	  constructed	  from	  calculated	  axial	  line	  
profiles	  through	  the	  centre	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  varying	  amplitudes	  of	  primary	  
spherical,	   secondary	   spherical	   and	   tertiary	   spherical	   aberrations	   respectively.	   All	   three	   orders	   of	  
spherical	   aberration	   introduce	   asymmetry	   into	   the	   axial	   lobes	  of	   the	  bottle	   beam	   focus.	   The	   axial	  
line	   profiles	   in	   Figure	   64	   (a),	   (b)	   and	   (c)	   indicate	   that,	   out	   of	   the	   three	   studied	  modes,	   secondary	  
spherical	   aberration	   has	   the	  most	   severe	   impact	   on	   the	   bottle	   beam	   focus	  with	   a	   rapid	   onset	   of	  
asymmetry	  and	  axial	  shift	  of	  the	  bottle	  beam	  minimum.	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Figure	  63	  –	  Intensity	  map	  constructed	  of	  axial	  line	  profiles	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  (a)	  primary	  spherical	  
aberration,	  (b)	  secondary	  spherical	  aberration	  and	  (c)	  tertiary	  spherical	  aberration.	  Calculated	  for	  NA	  =	  1.4	  and	  
wavelength	  780	  nm.	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Figure	  64	  -­‐	  axial	  line	  profiles	  of	  a	  bottle	  beam	  focus	  in	  the	  presence	  of	  (a)	  primary	  spherical	  aberration,	  (b)	  secondary	  
spherical	  aberration	  and	  (c)	  tertiary	  spherical	  aberration	  with	  amplitude	  0	  to	  1	  radian.	  Calculated	  for	  NA	  =	  1.4	  and	  
wavelength	  780	  nm	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4.4.3 Summary	  of	  Zernike	  Aberrations	  
The	   preceding	   section	   has	   illustrated	   the	   potential	   for	   aberrations	   described	   by	   Zernike	   circle	  
polynomials	   to	   significantly	   degrade	   the	   performance	   of	   a	   STED	   microscope.	   Since	   the	  
instrumentation	   described	   in	   this	   thesis	   has	   only	   the	   capability	   to	   correct	   depletion	   beam	  
aberrations,	  special	  attention	  has	  to	  be	  given	  to	  lateral	  and	  axial	  shifts	  of	  the	  depletion	  focus	  since	  
these	  affect	  the	  overlap	  between	  the	  excitation	  and	  depletion	  foci.	  These	  shifts	  can	  be	  balanced	  by	  
addition	  of	  tilt	  and	  defocus	  modes	  although	  this	  could	  become	  complicated	  in	  the	  presence	  of	  very	  
large	  aberrations.	  If	  an	  iterative	  correction	  routine	  (e.g.	  [84])	  is	  to	  be	  used	  then	  consideration	  should	  
be	  given	  to	  the	  order	  in	  which	  individual	  Zernike	  modes	  are	  corrected	  since	  the	  quality	  of	  the	  image	  
is	  dependent	  the	  symmetry	  of	  the	  depletion	  focus,	  the	  quality	  of	  its	  central	  minimum	  and	  its	  overlap	  
with	   the	   excitation	   focus	   and	   these	   cannot	   always	   be	   improved	   independently.	   Alternative	  
polynomials	  may	  also	  be	  considered	  e.g.	  a	  set	  of	  Zernike	  polynomials	  modified	  to	  correct	  for	  lateral	  
and	  axial	  shifts	  [84].	  
4.5 Predictive	  Aberration	  Correction	  for	  STED	  Microscopy	  
In	   consideration	   of	   previously	   used	   aberration	   correction	   schemes	   it	   is	   apparent	   that	   an	   ideal	  
correction	  approach	  should	  have	  the	  following	  characteristics:	  
• Precise,	  remote	  control	  of	  wavefronts	  
• Adaptive	  capability	  (i.e.	  not	  a	  static	  correction)	  
• Minimal	  extra	  light	  dose	  to	  the	  sample	  
• Minimal	  acquisition	  time	  penalty	  
• Correction	  of	  all	  wavefronts	  (excitation,	  depletion	  and	  emission)	  
To	   address	   the	   issues	   of	   light	   dose	   and	   acquisition	   time	   it	   was	   decided	   to	   pursue	   a	   predictive	  
approach	   to	   aberration	   correction	   based	   on	   spherical	   aberration	   alone.	   This	   philosophy	   draws	  
inspiration	   from	   predictive	   aberration	   correction	   used	   in	   laser	   microfabrication	   [111],	   [112]	   and	  
optical	   data	   storage	   [113]	   and	   is	   further	   encouraged	   by	   spherical	   aberration	   appearing	   as	   the	  
dominant	  modes	  in	  biological	  samples	  [84].	  
4.6 Spherical	  Aberration	  
In	  a	  perfect	  imaging	  scenario	  the	  objective	  lens	  of	  a	  microscope	  transforms	  a	  plane	  wavefront	  into	  a	  
spherical	   wavefront	   and	   all	   light	   waves	   converge	   to	   a	   common	   focal	   point.	   In	   the	   presence	   of	  
spherical	   aberration	   the	   light	  waves	   at	   the	   periphery	   of	   the	  wavefront	   do	   not	   converge	   perfectly	  
with	  the	  waves	  closer	  to	  the	  centre	  of	  the	  wavefront	  creating	  a	  distribution	  of	  focal	  points	  along	  the	  
optical	  axis.	  Spherical	  aberration	  can	  stem	  from	  the	  lens	  itself	  (e.g.	  poor	  lens	  design,	  manufacturing	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imperfections),	   from	   incorrect	   use	   of	   the	   objective	   (e.g.	   wrong	   coverslip	   thickness,	   incorrect	  
immersion	  media)	   or	   from	   variations	   in	   sample	   refractive	   index.	   Spherical	   aberration	   results	   in	   a	  
broadening	  of	  the	  focus	  of	  a	  microscope	  in	  both	  the	  axial	  and	  lateral	  directions,	  with	  this	  broadening	  
being	  most	  significant	  in	  the	  axial	  direction.	  This	  in	  turn	  leads	  to	  a	  loss	  of	  signal	  and	  a	  loss	  of	  image	  
resolution	  in	  the	  axial	  and	  lateral	  planes.	  
Figure	  65	  (a)	   illustrates	  a	  well	  corrected	  system	  with	  no	  spherical	  aberration	  and	  (b)	  a	  system	  with	  
significant	  spherical	  aberration	  induced	  by	  a	  refractive	  index	  mismatch.	  
	  
	  
Figure	  65	  (a)	  -­‐	  index	  matched	  system	  displaying	  no	  spherical	  aberration,	  (b)	  -­‐	  index	  mismatched	  system	  displaying	  severe	  
spherical	  aberration.	  
4.6.1 Spherical	  aberration	  introduced	  by	  a	  planar	  refractive	  index	  mismatch	  
In	  any	  microscopy	  scenario	  there	  are	  numerous	  aberration	  introducing	  factors	  that	  are	  not	  possible	  
to	   predict,	   e.g.	   spatial	   variations	   in	   coverslip	   thickness,	   coverslip	   flatness	   and	   spatial	   variations	   in	  
sample	   refractive	   index.	   For	   this	   reason	   we	   restrict	   our	   assessment	   of	   aberrations	   to	   spherical	  
aberration	   introduced	   by	   focusing	   through	   a	   planar	   interface	   of	   two	   materials	   with	   differing	  
refractive	   index	   e.g.	   immersion	   oil	   into	   water,	   glycerol,	   diamond	   etc.	   (Figure	   65).	   Mathematical	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models	  of	   this	  scenario	  were	   independently	  developed	  by,	  Hell	  et	  al.	   (1993)	   [114]	  and	  Török	  et	  al.	  
(1995)	   [115],	   [116].	  Although	  both	  treatments	  are	  believed	  to	  be	  rigorously	  correct,	   the	  treatment	  
formulated	   by	   Török	   et	   al.	   in	   [116]	  was	   chosen	   to	  model	   our	   system	   as	   it	   provides	   a	  more	   easily	  	  
computable	   solution.	   Using	   this	   model	   we	   can	   easily	   determine	   time-­‐averaged	   electric	   energy	  
density	   distributions	   of	   the	   focal	   region	   of	   the	  microscope	  when	   focused	   at	   varying	   depth	   into	   a	  
refractive	  index	  mismatched	  sample.	  This	  is	  used	  to	  gain	  information	  about	  the	  PSF	  quality	  and	  also	  
important	   insight	   into	  complex	  focal	  shift	  behaviour	  at	   increasing	  aberration	  amplitudes.	  Figure	  66	  
shows	  an	  illustration	  of	  an	  objective	  lens	  focusing	  light	  through	  a	  planar	  refractive	  index	  mismatch.	  
	  
Figure	  66	  -­‐	  illustration	  of	  an	  objective	  lens	  focusing	  light	  through	  a	  planar	  refractive	  index	  mismatch.	  𝜳	  -­‐	  wavefront	  at	  
objective	  pupil,	  𝝓𝟏	  -­‐	  ray	  angle	  in	  first	  medium,	  𝜱𝟐	  -­‐	  ray	  angle	  in	  second	  medium.	  
The	  electric	  field	  components	  in	  the	  sample	  material	  are	  expressed	  as	  follows:	  
𝑒!! = −𝑖𝐾 𝐼! + 𝐼! cos 2𝜃! 	   (50)	  𝑒!! = −𝑖𝐾𝐼! sin 2𝜃! 	   (51)	  𝑒!! = −2𝐾𝐼! cos 𝜃! 	   (52)	  
The	  integrals	  𝐼!,	  𝐼!	  and	  𝐼!  are	  given	  by	  
  𝐼! =    cos𝜙! !/! sin𝜙!!! 𝑒𝑥𝑝 𝑖𝑘!Ψ 𝜙!,   𝜙!,−𝑑×   𝜏! + 𝜏! cos𝜙! 𝐽! 𝑣 sin𝜙!sin 𝛼 𝑒𝑥𝑝 𝑖𝑢 cos𝜙!sin! 𝛼 𝑑𝜙!	  
(53)	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  𝐼! =    cos𝜙! !/! sin𝜙!!! 𝑒𝑥𝑝 𝑖𝑘!Ψ 𝜙!,   𝜙!,−𝑑×  𝜏! sin𝜙! 𝐽! 𝑣 sin𝜙!sin 𝛼 𝑒𝑥𝑝 𝑖𝑢 cos𝜙!sin! 𝛼 𝑑𝜙!	  
(54)	  
	  
  𝐼! =    cos𝜙! !/! sin𝜙!!! 𝑒𝑥𝑝 𝑖𝑘!Ψ 𝜙!,   𝜙!,−𝑑×   𝜏! − 𝜏! cos𝜙! 𝐽! 𝑣 sin𝜙!sin 𝛼 𝑒𝑥𝑝 𝑖𝑢 cos𝜙!sin! 𝛼 𝑑𝜙!	  
(55)	  
	  
Where	  𝜙!	  is	  the	  ray	  angle	  in	  the	  first	  medium	  and	  𝜙!is	  the	  angle	  in	  the	  second	  medium,	  𝛼	  is	  the	  lens	  
semi-­‐angle,	   𝑘! = 2𝜋/𝜆!  is	   the	   wavevector	   of	   the	   light	   in	   a	   vacuum,	   𝑣 = 𝑘! 𝑥! + 𝑦! !! sin 𝛼	   and	  𝑢 = 𝑘!𝑧 sin! 𝛼	  are	  the	  normalized	  optical	  coordinates	  and	  𝐽!	  is	  the	  Bessel	  function	  of	  the	  first	  kind.	  	  𝜏!	   and	  𝜏!	   are	   the	   Fresnel	   transmission	   coefficients.	  𝐾 = !!!!!!!!!! 	   is	   a	   constant	  where	  𝑓	   is	   the	   focal	  
length	  of	  the	  objective	  lens,	  𝑙!	  is	  an	  amplitude	  factor	  and	  𝑛!and	  𝑛!	  are	  the	  refractive	  indices	  of	  the	  
first	  and	  second	  media	  respectively.	  	  
The	  phase	  function	  Ψ	  is	  given	  as	  
Ψ 𝜙!,𝜙!,−𝑑 =   −𝑑(𝑛!𝑐𝑜𝑠𝜙! − 𝑛!𝑐𝑜𝑠𝜙!)	   (56)	  
	  
where	  𝑑	  is	  the	  depth	  below	  the	  interface.	  
	  
Figure	  67	  shows	  x-­‐z	  plane	  foci	  calculated	  when	  focusing	  609	  nm	  light	  into	  glycerol	  using	  a	  1.4	  
NA	  oil	   immersion	   lens	  at	  0	  µm	  depth	  (a)	  and	  70	  µm	  depth	  (b)	   into	  the	  glycerol.	  This	  shows	  
that	   the	   effect	   of	   the	   spherical	   aberration	   induced	   by	   the	   refractive	   index	  mismatch	   is	   to	  
both	  distort	  the	  focus	  and	  to	  move	  it	  away	  from	  the	  nominal	  focal	  plane.	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Figure	  67	  –	  simulated	  x-­‐z	  plane	  images	  of	  (a)	  an	  unaberrated	  focus	  and	  (b)	  resultant	  focus	  imaging	  through	  70	  µm	  of	  
glycerol.	  Wavelength	  =	  609	  nm,	  NA	  =	  1.4.	  Calculated	  for	  linearly	  polarised	  light.	  
This	  focal	  shift	  must	  be	  taken	  into	  account	  in	  a	  system	  such	  as	  ours,	  where	  only	  the	  depletion	  beam	  
is	  to	  be	  corrected	  for	  spherical	  aberration,	  since	  a	  full	  correction	  will	  move	  the	  depletion	  focus	  back	  
to	   its	   nominal	   focal	   point	   while	   the	   excitation	   focus	   will	   remain	   in	   its	   aberrated	   position.	   To	  
investigate	  these	  complicated	  focal	  shifts,	  the	  integrals	  developed	  by	  Török	  et	  al.	  are	  evaluated	  using	  
the	  appropriate	  parameters	  for	  the	  excitation	  light	  wavelength,	  numerical	  aperture	  of	  the	  objective	  
lens,	  the	  refractive	  index	  of	  the	  immersion	  oil	  and	  the	  refractive	  index	  of	  the	  sample	  to	  be	  studied.	  	  
Conveniently,	   it	   is	  only	   required	   to	  evaluate	   the	   integrals	  on	  axis	   (i.e.	  𝑥   =   𝑦   =   0)	  which	   reduces	  
the	  problem	   to	   just	   one	   integral	   (i.e.	   equations	   (50)	   and	   (53)).	   The	   intensity	  map	   shown	  below	   in	  
Figure	  68	  was	  produced	  by	   simulating	  axial	   line	   scans	   (𝑥   =   𝑦   =   0)  of	  an	  optical	  probe	  placed	  at	  
increasing	  depths	  below	  an	  interface	  between	  immersion	  oil	  and	  glycerol	  such	  that	  each	  column	  of	  
pixels	  represents	  one	  axial	   line	  scan	  of	  the	  probe.	  Each	  column	  of	  pixels	  from	  the	  left	  of	  the	  image	  
towards	   the	   right	   of	   the	   image	   represents	   an	   increasing	   probe	   depth	   beneath	   the	   interface.	   The	  
overlayed	  white	  line	  represents	  the	  position	  of	  paraxial	  focus	  (low	  NA	  approximation)	  [116].	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Figure	  68	  –	  Axial	  line	  profiles	  of	  probes	  placed	  at	  increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  
1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  609	  nm	  light	  and	  numerical	  aperture	  1.4.	  The	  overlayed	  white	  line	  
represents	  the	  position	  of	  paraxial	  focus	  (low	  NA	  approximation)	  [116].	  
Figure	  69	  shows	  a	  similar	   intensity	  map	  but	  calculated	  using	  a	  wavelength	  of	  780	  nm	  and	  using	  an	  
annular	  phase	  profile	  at	  the	  pupil	  plane	  with	  a	  π	  shifted	  central	  disk	  corresponding	  to	  0.707	  of	  the	  
radius	  of	  the	  pupil	  i.e.	  a	  bottle	  beam	  focus.	  
	  
Figure	  69	  -­‐	  Axial	  line	  profiles	  of	  probes	  placed	  at	  increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  
1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  1.4	  and	  bottle	  beam	  phase.	  
118	  
	  
As	   is	   shown	   in	   Figure	   70,	   if	   the	   spherical	   aberration	   experienced	   by	   the	   depletion	   beam	   is	   fully	  
corrected	  by	  cancelling	   the	  aberration	  phase	  at	   the	  pupil	   (equation	  56)	  using	  an	  adaptive	  element	  
then	  the	  focus	  maintains	  both	  its	  shape	  and	  its	  nominal	  focal	  plane.	  
	  
Figure	  70	  -­‐	  Axial	  line	  profiles	  of	  probes	  placed	  at	  increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  
1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  1.4	  and	  bottle	  beam	  phase	  that	  is	  
corrected	  for	  spherical	  aberration.	  
This	  full	  correction	  is	  obviously	  not	  useful	  since	  the	  overlap	  between	  the	  excitation	  focus	  (Figure	  68)	  
and	  the	  depletion	  focus	  is	  rapidly	  destroyed	  at	  increasing	  depth	  into	  the	  sample.	  In	  order	  to	  ensure	  
the	  two	  foci	   remain	  overlapped	   it	   is	  necessary	   to	  correct	   the	  depletion	  PSF	   fully	  and	  subsequently	  
add	   a	   further	   defocus	   term	   in	   order	   to	   re-­‐overlap	   it	   with	   the	   excitation	   focus.	   This	   proceeds	   by	  
calculating	   the	   axial	   position	   of	   the	   peak	   intensity	   relative	   to	   the	   nominal	   focal	   plane	   of	   the	  
excitation	   focus	   at	   all	   depths	   in	   the	   sample	   as	   shown	   in	   Figure	   71.	   These	   data	   are	   then	   used	   to	  
refocus	  the	  corrected	  depletion	  focus	  to	  these	  positions.	  The	  correction	  phase	  thus	  takes	  the	  form	  
Ψ!"## 𝜙!,𝜙!,−𝑑 =   𝑑𝑛!𝑐𝑜𝑠𝜙! − (𝑑 + 𝛾(𝑑))𝑛!𝑐𝑜𝑠𝜙!	   (57)	  
Where	  𝛾(𝑑)	  is	  the	  axial	  position	  of	  the	  peak	  intensity	  of	  the	  excitation	  focus	  at	  each	  depth	  𝑑.	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Figure	  71	  –	  Axial	  positions	  relative	  to	  the	  nominal	  focal	  plane	  of	  the	  peak	  intensity	  of	  foci	  calculated	  at	  increasing	  depths	  
below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  609	  nm	  light	  and	  
numerical	  aperture	  1.4.	  
Figure	   72	   demonstrates	   that	   the	   depletion	   focus	   can	   be	   corrected	   and	   arbitrarily	   refocused	   to	  
maintain	  its	  overlap	  with	  the	  excitation	  focus	  using	  the	  phase	  correction	  in	  equation	  (57).	  
	  
Figure	  72	  -­‐	  Axial	  line	  profiles	  of	  probes	  placed	  at	  increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  
1.518)	  and	  glycerol	  (n	  =	  1.467)	  calculated	  for	  780	  nm	  light,	  numerical	  aperture	  1.4	  and	  bottle	  beam	  phase	  that	  is	  
corrected	  for	  spherical	  aberration	  and	  refocused	  to	  the	  position	  of	  the	  peak	  intensity	  of	  the	  excitation	  beam.	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In	  order	  to	   implement	  this	  form	  of	  spherical	  aberration	  correction	  the	  correction	  function	  must	  be	  
mapped	   correctly	   to	   the	   objective	   lens	   pupil.	   Jesacher	   and	   Booth	   re-­‐expressed	   the	   aberration	  
function	   (equation	   (56))	   into	  a	   convenient	   form	   that	   is	   a	   function	  of	   the	  objective	   lens	  NA	  and	   its	  
normalized	  pupil	  radius	  𝜌	  [111].	  The	  full	  phase	  is	  correction	  is	  given	  as	  
Ψ!"## 𝜌,𝑑 = −𝑑 2𝜋𝜆 𝑁𝐴 (𝑛!)!𝑁𝐴! − 𝜌! − (𝑛!)!𝑁𝐴! − 𝜌!     	   (58)	  
which	  can	  then	  be	  modified	  to	  include	  the	  refocusing	  of	  the	  depletion	  beam	  
Ψ!"## 𝜌,𝑑 = 2𝜋𝜆 𝑁𝐴 𝑑 (𝑛!)!𝑁𝐴! − 𝜌!   − 𝑑 + 𝛾 𝑑 (𝑛!)!𝑁𝐴! − 𝜌!        	   (59)	  
Figure	  73	  shows	  example	  holograms	  that	  would	  be	  displayed	  on	  the	  SLM	  device	  to	  (a)	  fully	  correct	  a	  
bottle	   beam	   depletion	   focus	   and	   (b)	   correct	   a	   bottle	   beam	   depletion	   focus	   and	   refocus	   it	   to	   the	  
position	  of	  peak	  intensity	  of	  the	  excitation	  beam	  when	  imaging	  at	  40	  µm	  depth	  into	  glycerol	  with	  a	  
1.4	  NA	  oil	  immersion	  lens	  (𝑛!   =   1.518, 𝑛!   =   1.467).	  
	  
Figure	  73	  –	  example	  holograms	  to	  generate	  a	  bottle	  beam	  PSF	  and	  (a)	  fully	  correct	  for	  refraction	  and	  (b)	  fully	  correct	  for	  
refraction	  and	  subsequently	  refocus	  to	  the	  position	  of	  the	  excitation	  PSF	  when	  imaging	  at	  40	  µm	  depth	  in	  glycerol	  with	  a	  
1.4	  NA	  oil	  immersion	  lens.	  
The	  holograms	  are	  wrapped	  in	  the	  range	  0	  to	  2π	  radians	  since	  the	  SLM	  does	  not	  have	  the	  required	  
modulation	  depth	  to	  go	  beyond	  this	  range.	  Phase	  wrapping	  may	  cause	  issues	  if	  the	  phase	  varies	  so	  
rapidly	   that	   the	   image	   displayed	   by	   the	   SLM	   is	   not	   adequately	   sampled	   in	   order	   to	   faithfully	  
reproduce	  the	  phase	  profile	  desired.	  The	  holograms	  also	  include	  some	  x	  tilt.	  In	  practice	  this	  is	  added	  
to	  separate	  the	  selected	  1st	  diffracted	  order	  from	  the	  zero	  order	  at	  the	  focal	  plane	  and	  also	  serves	  as	  
a	  convenient	  tool	  to	  fine	  tune	  the	  lateral	  alignment	  between	  the	  excitation	  and	  depletion	  PSFs.	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In	   order	   to	   test	   this	   predictive	   correction	   a	   fluorescent	   sample	   was	   made	   consisting	   of	   two	  
monolayers	   of	   100	   nm	   fluorescent	   nanodiamond	   (Adamas	   Nanotechnologies,	   Raleigh,	   USA)	  
separated	  by	  70	  µm	  of	  glycerol	  as	  shown	  in	  Figure	  74.	  
	  
Figure	  74	  –	  cartoon	  of	  microscope	  objective	  lens	  focused	  into	  two	  layer	  fluorescent	  nanodiamond	  sample	  used	  to	  test	  
predictive	  aberration	  compensation	  
Figure	  75	  presents	  x-­‐z	  plane	  confocal	  (a)	  and	  STED	  (b)	  images	  of	  a	  100	  nm	  fluorescent	  nanodiamond	  
imaged	  at	  the	  cover	  slip	  (at	  zero	  depth)	  with	  the	  SLM	  programmed	  to	  correct	  only	  for	  aberrations	  in	  
the	  microscope	  system.	  	  
	  
Figure	  75	  -­‐	  confocal	  (a)	  and	  STED	  (b)	  images	  in	  the	  x-­‐z	  plane	  of	  a	  100	  nm	  fluorescent	  nanodiamond	  imaged	  at	  the	  cover	  
slip	  (at	  zero	  depth)	  with	  the	  SLM	  programmed	  to	  correct	  only	  for	  aberrations	  in	  the	  microscope	  system.	  
To	   illustrate	   the	   potential	   to	   correct	   for	   aberrations	   deeper	   into	   the	   sample,	   Figure	   76	   shows	   x-­‐z	  
plane	   confocal	   (a),	   STED	   with	   no	   aberration	   compensation	   (b)	   and	   STED	   with	   aberration	  
compensation	  (c)	  images	  of	  a	  100	  nm	  nanodiamond	  imaged	  through	  the	  70	  μm	  layer	  of	  glycerol.	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Figure	  76	  –	  x-­‐z	  plane	  confocal	  (a),	  STED	  with	  no	  aberration	  compensation	  (b)	  and	  STED	  with	  aberration	  compensation	  (c)	  
images	  of	  a	  100	  nm	  nanodiamond	  imaged	  through	  the	  70	  μm	  layer	  of	  glycerol.	  
Figure	   75	   can	   be	   directly	   compared	   with	   Figure	   76.	   The	   effect	   of	   spherical	   aberration	   on	   the	  
excitation	  beam	  is	  clearly	  evident	  with	  the	  axial	  FWHM	  of	  the	  confocal	  PSF	  increasing	  from	  ~600nm	  
at	  the	  coverslip	  to	  well	  above	  1	  micron	  at	  70	  microns	  depth	  into	  the	  glycerol.	  The	  adverse	  effect	  on	  
STED	  imaging	  is	  also	  clear	  with	  the	  axial	  FWHM	  of	  the	  PSF	  under	  STED	  illumination	  increasing	  from	  
~200nm	  at	  the	  coverslip	  to	  ~300nm	  at	  70	  microns	  depth.	  
	  
Figure	  77	  –	  axial	  line	  profiles	  of	  fluorescent	  nanoparticles	  under	  uncorrected	  STED	  illumination	  (data	  –	  red	  dots,	  fit	  –	  
pink	  line)	  and	  corrected	  STED	  illumination	  (data	  -­‐	  blue	  triangles,	  fit	  –	  green	  line).	  
To	   recover	   the	  STED	   focus	   the	  wavefront	   correction	  described	  by	  equation	  13	  was	  applied.	  𝛾	  was	  
adjusted	   manually	   with	   a	   value	   of	   3.565	   µm	   resulting	   in	   the	   best	   image.	   When	   the	   system	   is	  
modelled,	  a	  𝛾	  value	  of	  3.491	  µm	  is	  calculated	  -­‐	  a	  difference	  of	  only	  2%	  from	  the	  experimental	  value.	  
The	   final	   wavefront	   correction	   applied	   improved	   the	   axial	   FWHM	   of	   the	   fluorescent	   spot	   from	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290nm	   to	   196nm	   and	   resulted	   in	   a	   two-­‐fold	   improvement	   in	   the	   fluorescence	   signal	   collected	   as	  
illustrated	   in	   the	   axial	   line	   profiles	   shown	   in	   Figure	   77	   that	   were	   taken	   through	   the	   resultant	  
fluorescent	  PSFs	  presented	  in	  Figure	  76	  (b)	  and	  (c).	  
STED	  imaging	  with	  active	  aberration	  correction	  is	  now	  possible	  using	  a	  priori	  information	  about	  the	  
sample	  to	  create	  a	   look-­‐up	  table	  of	  defocus	  values	  calculated	  for	  the	  range	  of	   imaging	  depths	  and	  
the	  specific	  refractive	  index	  difference	  under	  study.	  Depth	  values	  during	  imaging	  are	  obtained	  from	  
a	  read-­‐out	  of	  the	  scanning	  stage	  z	  position	  and	  are	  fed	  into	  a	  LabVIEW	  program	  that	  calculates	  the	  
correction	  phase	  profile	  according	  to	  equation	  57	  and	  adds	  it	  to	  the	  SLM	  holograms	  in	  real-­‐time	  as	  
the	  stage	  is	  scanned.	  
The	  intensity	  map	  shown	  below	  in	  Figure	  78	  was	  produced	  by	  simulating	  axial	  line	  scans	  of	  an	  optical	  
probe	  placed	  at	  increasing	  depths	  below	  an	  interface	  between	  immersion	  oil	  and	  diamond.	  
	  
Figure	  78	  –	  Axial	  line	  profiles	  of	  probes	  placed	  at	  increasing	  depths	  below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  
1.518)	  and	  diamond	  (n	  =	  2.42)	  calculated	  for	  609	  nm	  light	  and	  numerical	  aperture	  1.4.	  The	  overlayed	  white	  line	  
represents	  the	  position	  of	  paraxial	  focus	  (low	  NA	  approximation)	  [116].	  
As	  is	  shown	  in	  the	  plot	  of	  the	  axial	  position	  of	  the	  maximum	  intensity	  of	  the	  focus	  against	  the	  depth	  
of	  the	  probe	  below	  the	  interface	  (Figure	  79),	  the	  focal	  shift	  is	  severe	  when	  compared	  to	  the	  case	  for	  
glycerol	  (Figure	  68	  and	  Figure	  71).	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Figure	  79	  -­‐	  Axial	  positions	  relative	  to	  the	  nominal	  focal	  plane	  of	  the	  peak	  intensity	  of	  foci	  calculated	  at	  increasing	  depths	  
below	  a	  planar	  interface	  between	  immersion	  oil	  (n	  =	  1.518)	  and	  diamond	  (n	  =	  2.42)	  calculated	  for	  609	  nm	  light	  and	  
numerical	  aperture	  1.4.	  
Figure	  80	  shows	  confocal	  (a),	  STED	  (b)	  and	  aberration	  corrected	  STED	  (c)	  images	  in	  the	  x-­‐z	  plane	  of	  
NV	   centres	   in	   bulk	   CVD	   diamond	  where	   depletion	   has	   occurred	   primarily	   along	   the	   z-­‐axis	   using	   a	  
bottle	   beam	   focus.	   The	   improvement	   in	   signal	   and	   contrast	  with	   the	   application	  of	   the	   predictive	  
spherical	   aberration	   compensation	   in	   (c)	   is	   clear	   and	   is	   likely	   attributable	   to	   improvement	   of	   the	  
depletion	  focus	  central	  minimum.	  
	  
Figure	  80	  –	  confocal	  (a),	  STED	  (b)	  and	  aberration	  corrected	  STED	  (c)	  images	  in	  the	  x-­‐z	  plane	  of	  NV	  centres	  in	  bulk	  CVD	  
diamond.	  Scale	  bar	  =	  1µm.	  
It	   is	   noted	   that	   this	   approach	  may	   not	   yield	   the	   absolute	   optimal	   STED	   focus	   in	   all	   cases	   as	   it	   is	  
possible	   for	   other	   spatially	   varying	   aberrations	   e.g.	   coma	   and	   astigmatism	   to	   be	   present	   in	   the	  
sample.	   It	   is	   also	   important	   to	   consider	   that	   a	  3D-­‐STED	  microscope	  employing	  a	   combination	  of	   a	  
helicoidal	  focus	  and	  a	  bottle	  beam	  focus	  will	  be	  more	  susceptible	  to	  aberration	  than	  if	  either	  of	  the	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depletion	   foci	   are	   used	   alone.	   This	   is	   due	   to	   the	   fact	   that	   the	   helicoidal	   foci	   is	  more	   sensitive	   to	  
astigmatism	  and	  coma	  than	  its	  bottle	  beam	  counterpart,	  while	  the	  bottle	  beam	  is	  more	  sensitive	  to	  
spherical	  aberrations.	  For	  example,	  Figure	  81	  shows	  axial	   line	  profiles	  through	  a	  bottle	  beam	  focus	  
(a)	  and	  a	  combined	  3D-­‐STED	  focus	  (b),	  consisting	  of	  a	  helicoidal	  focus	  and	  a	  bottle	  beam	  focus,	  in	  the	  
presence	  of	  varying	  amplitudes	  of	  primary	  x	  astigmatism,	  with	  the	  laser	  power	  shared	  between	  the	  
foci	   in	  a	  1:2	  ratio.	   It	   is	  seen	  that	  the	  central	  minimum	  of	  the	  combined	  3D-­‐STED	  focus	   is	  degraded	  
more	  quickly	  than	  is	  seen	  with	  a	  bottle	  beam	  alone	  due	  to	  the	  effect	  of	  primary	  astigmatism	  on	  the	  
doughnut	  focus.	  
	  
Figure	  81	  -­‐	  axial	  line	  profiles	  of	  (a)	  optical	  bottle	  beam	  focus	  and	  (b)	  combined	  3D-­‐STED	  focus	  in	  the	  presence	  of	  
increasing	  primary	  astigmatism.	  
It	   is	  believed	  that	  active	  correction	  of	  aberrations	  such	  as	  these,	  that	  may	  be	  present	  with	  varying	  
amplitude	  across	   the	  spatial	  extent	  of	   samples	   is,	  at	  present,	  a	   significant	  challenge	  as	   there	   is	  no	  
method	   by	   which	   the	   presence	   of	   these	   aberrations	   in	   a	   given	   sample	   can	   be	   estimated	   and	  
correction	   would	   require	   an	   iterative	   approach	   or	   wavefront	   measurement	   (e.g.	   with	   a	   Shack-­‐
Hartmann).	  The	  predictive	  method	  presented	  here	  has	  demonstrated	  a	  significant	   improvement	   in	  
STED	  imaging	  at	  significant	  distances	  from	  the	  coverslip	  without	  the	  longer	  acquisition	  and	  exposure	  
times	  that	  would	  be	  inherent	  in	  an	  iterative	  approach	  to	  aberration	  compensation.	  This	  non-­‐iterative	  
approach	  may	  be	  practically	  useful	  for	  imaging	  biological	  samples	  susceptible	  to	  photobleaching	  and	  
photodamage	  but	  requires	  further	  investigation.	  	  
4.7 Summary	  
This	   chapter	   has	   introduced	   the	   concept	   of	   aberration	   compensation	   in	   the	   context	   of	   a	   STED	  
microscope.	   The	   effects	   of	   low	   order	   aberrations	   on	   the	  most	   common	   depletion	   PSF	   (helicoidal)	  
have	  been	  illustrated,	  highlighting	  their	  potential	  impact	  on	  the	  performance	  of	  a	  STED	  microscope.	  
Spherical	  aberration	  has	  been	  discussed	  separately	  due	  to	  its	  prevalence	  in	  microscopy	  and	  since	  it	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can	   be	   predicted	   if	   certain	   system	   parameters	   are	   available.	   Predictive	   correction	   of	   spherical	  
aberration	  has	  been	  demonstrated	  on	  a	  test	  sample	  representing	  a	  planar	  refractive	  index	  mismatch	  
between	  immersion	  oil	  (𝑛! =   1.518)	  and	  glycerol	  (𝑛! =   1.467)	  and	  also	  on	  a	  bulk	  diamond	  sample	  
representing	  a	  more	  extreme	  planar	  refractive	  index	  mismatch	  (𝑛!   =   2.42).	  
Since	  aberrations	  experienced	  by	  the	  excitation	  focus	  cannot	  be	  corrected	  in	  the	  described	  system	  
they	  have	  been	  discussed	  only	   in	   terms	  of	   lateral	   and	   axial	   shifts	   that	   affect	   the	  overlap	  with	   the	  
depletion	  beam.	  Correction	  of	   the	  excitation	   focus	  would	  provide	   further	  benefit	   for	   a	  number	  of	  
reasons.	  The	  first	  of	  these	  is	  the	  enhanced	  excitation	  efficiency	  offered	  by	  a	  well	  corrected	  excitation	  
PSF.	  Secondly,	  correction	  of	  both	  excitation	  and	  depletion	  foci	  would	  simplify	  correction	  schemes	  as,	  
in	  principle,	  lateral	  and	  axial	  focal	  shifts	  would	  be	  exactly	  compensated	  in	  both	  beams	  thus	  negating	  
the	  need	  for	  extra	  tilt	  or	  defocus	  terms	  to	  be	  added	  in	  order	  to	  maintain	  the	  overlap	  between	  the	  
foci.	  Thirdly,	  the	  axial	  focal	  shifts	  that	  occur	  in	  the	  presence	  of	  extreme	  spherical	  aberration	  cannot	  
be	   compensated	   if	   only	   one	   of	   the	   foci	   is	   corrected.	   This	   results	   in	   axial	   scaling	   of	   the	   resulting	  
images	  such	  that	  they	  do	  not	  faithfully	  represent	  the	  object.	   It	  must	  also	  be	  noted	  that	  focal	  shifts	  
also	  apply	  to	  the	  emission	  path	  of	  the	  instrument.	  
As	   mentioned	   earlier,	   the	   ideal	   system	   would	   correct	   all	   three	   paths	   (excitation,	   depletion	   and	  
emission)	  in	  the	  instrument.	  The	  adaptive	  element	  used	  in	  this	  case	  would	  probably	  be	  a	  deformable	  
mirror	  since	  these	  are	  not	  wavelength	  or	  polarisation	  selective,	  although	  they	  are	   in	  general	  more	  
expensive	   and	   less	   easy	   to	   implement	   than	   spatial	   light	   modulators.	   Further	   to	   this,	   deformable	  
mirrors	   are	   less	   able	   to	   impart	   phase	   profiles	   with	   abrupt	   changes	   such	   as	   those	   required	   to	  
generate	   helicoidal	   and	   bottle	   beam	   depletion	   foci.	   Additional	   fixed	   phase	   plates	   or	   SLMs	   would	  
then	  be	  required	  for	  depletion	  focus	  generation.	  
Correction	  of	  non-­‐spherical	  aberration	  modes	  imparted	  by	  samples	  has	  not	  been	  investigated	  here.	  
It	  is	  still	  unclear	  what	  aberrations	  are	  to	  be	  expected	  in	  biological	  samples.	  For	  instance,	  significant	  
amplitudes	   of	   astigmatism	   and	   coma	   modes	   have	   been	   observed	   when	   imaging	   at	   150	   µm	   into	  
zebrafish	  brain	  [107].	  Modelling	  suggests	  that	  aberrations	  such	  as	  these	  would	  completely	  preclude	  
STED	   imaging	   due	   to	   the	   sensitivity	   of	   the	   depletion	   foci	   to	   these	   aberrations.	   However,	   STED	  
imaging	  in	  living	  brain	  tissue	  has	  been	  demonstrated	  with	  60	  –	  80	  nm	  resolution	  at	  depths	  of	  up	  to	  
120	   µm	   where	   a	   correction	   collar	   was	   used	   to	   correct	   for	   spherical	   aberrations	   only	   [103].	  
Interestingly,	  the	  authors	  of	  [107]	  measured	  Zernike	  mode	  aberrations	  with	  amplitude	  greater	  than	  𝜆/10	  out	  to	  the	  45th	  mode	  implying	  a	  need	  for	  a	  correction	  device	  capable	  of	  displaying	  such	  high	  
order	  modes	  (e.g.	  an	  SLM).	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Chapter	  5. Fluorescent	  Defects	  in	  Diamond	  
A	   primary	   aim	   of	   this	   PhD	   project	   was	   to	   apply	   fluorescence	   microscopy	   techniques	   commonly	  
associated	  with	  biological	  imaging,	  addressing	  the	  specific	  challenges	  of	  imaging	  fluorescent	  defects	  
in	   bulk	   diamond	   samples	   and	   to	   investigate	   the	   potential	   of	   these	   methods	   as	   useful	  
characterisation	  tools	  for	  diamond.	  These	  techniques	   include	  stimulated	  emission	  depletion	  (STED)	  
microscopy,	   confocal	   microscopy,	   fluorescence	   lifetime	   imaging	   (FLIM)	   and	   bulk	   fluorescence	  
lifetime	  measurements.	  A	  particular	  motivation	  for	  this	  work	   is	   to	  gain	  new	  information	  about	  the	  
chemical	   vapour	   deposition	   (CVD)	   growth	   process	   of	   diamond	   through	   the	   application	   of	  
fluorescence	   imaging	   techniques	   to	   colour	   centres	   in	   diamond,	   although	   these	   methods	   are	   in	  
principle	  applicable	  to	  diamond	  of	  any	  origin.	  
This	   chapter	  provides	  a	  general	  overview	  of	  diamond	   including	   its	  origins	  and	  material	  properties.	  
The	  optical	  properties	  of	  diamond	  are	  discussed	  with	  a	  specific	  focus	  on	  the	  effect	  of	  lattice	  defects	  
on	  these	  properties.	  Fluorescent	  defects	  in	  diamond	  are	  reviewed	  in	  detail	  with	  an	  emphasis	  on	  the	  
negatively	   charged	   nitrogen	   vacancy	   centre	   (NV-­‐)	   and	   the	   negatively	   charged	   silicon	   vacancy	   (SiV)	  
due	   to	   their	   prevalence	   in	   CVD	   diamond	   and	   the	   extensive	   attention	   that	   these	   defects	   have	  
received	  in	  the	  literature	  for	  their	  potential	  applications.	  
Confocal	  and	  STED	   imaging	  of	  NV-­‐	  centres	  present	   in	  characteristic	  growth	  structures	   is	  presented,	  
showcasing	  the	  ability	  of	  STED	  to	  allow	  imaging	  of	  diamond	  colour	  centres	  with	  resolution	  below	  the	  
diffraction	  limit.	  
Fluorescence	  lifetime	  imaging	  is	  applied	  to	  CVD	  diamond	  samples	  and	  lifetime	  contrast	  is	  observed.	  
This	  information	  is	  additional	  to	  standard	  intensity	  based	  measurements	  and	  can	  be	  used	  to	  suggest	  
the	  presence	  of	  multiple	  defects	   emitting	   into	   the	   same	  waveband	  or	   to	   indicate	   the	  presence	  of	  
quenching	  defects.	  
A	  multidimensional	   spectrofluorometer	   is	   used	   to	   collect	  multispectral	   fluorescence	   lifetime	   data	  
from	   the	   bulk	   of	   diamond	   samples.	   The	   functionality	   of	   this	   instrument	   is	   exploited	   to	   spectrally	  
separate	  two	  distinct	  defects	  while	  simultaneously	  measuring	  their	  lifetimes.	  	  
The	  structure	  of	  this	  chapter	  is	  indicated	  below	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5.1 Diamond	  
Diamond	   is	   a	   universally	   known	   material	   that	   has	   been	   renowned	   for	   its	   appearance	   and	   hard-­‐
wearing	   nature	   since	   antiquity.	   In	   its	   pure	   form	   diamond	   is	   an	   allotrope	   of	   carbon,	   in	   which	   the	  
atoms	   are	   covalently	   bonded	   to	   their	   neighbours	   in	   a	   dual	   face-­‐centred	   cubic	   crystal	   structure	  
known	  as	  a	  diamond	  lattice.	  
The	   strength	   of	   the	   covalent	   bonding	   (347	   kJmol-­‐1)	   leads	   to	   an	   exceptionally	   rigid	   lattice,	   giving	  
diamond	   the	  highest	   hardness	   (~100	  GPa)	   and	   the	  highest	   bulk	  modulus	   (1.2	   x	   1012	  N	  m-­‐2)	   of	   any	  
known	  material	   [117].	   Coupled	   with	   the	   fact	   that	   the	   atoms	   in	   diamond	   are	   relatively	   light,	   this	  
strong	  bonding	  also	  means	  the	  atoms	  can	  vibrate	  at	  higher	  frequencies	  compared	  to	  that	  of	  atoms	  in	  
other	  materials.	  This	   leads	  to	  diamond	  having	  the	  highest	  thermal	  conductivity	  for	  any	  known	  bulk	  
material	  (2	  x	  103	  W	  m-­‐1	  K-­‐1)	  [118].	  
Despite	  knowledge	  of	  diamond	  spanning	  back	  over	  thousands	  of	  years,	  the	  past	  two	  decades	  have	  
seen	   discoveries	   that	   offer	   new	   glimpses	   into	   diamond’s	   vast	   potential	   as	   a	   useful	   material.	   If	  
effective	   and	   economically	   viable	   applications	   are	   to	   be	   realised	   then	   a	   thorough	   scientific	  
understanding	  of	  the	  material	  properties	  of	  diamond	  is	  required.	  	  
5.2 Diamond	  Synthesis	  
Natural	  diamonds	  display	  a	  huge	  variation	  in	  size,	  shape,	  colour	  and	  material	  properties.	  This	  makes	  
it	  prohibitively	  expensive	  for	  natural	  diamonds	  to	  be	  used	  for	  anything	  other	  than	  gemstones	  or	  as	  
abrasives	   and	   cutting	   tools.	   The	   advent	   of	   techniques	   whereby	   diamonds	   can	   be	   produced	  
synthetically	  provides	  the	  opportunity	  to	  control	  the	  growth	  environment,	  and	  hence	  the	  properties	  
of	   the	   resulting	   diamond	   crystals.	   Synthetic	   diamonds	   are	   already	   commonly	   used	   as	   cutting	   and	  
abrasive	  tools.	   	  Research	   is	  on-­‐going	  to	  develop	  technologies	  such	  as	  diamond	  based	   lasers	  [119]–
[122],	  LEDs	  [123],	  [124]	  and	  high	  power	  electronics	  [118],	  [125].	  
The	   first	   reported	   production	   of	   synthetic	   diamond	   was	   by	   General	   Electric	   in	   1955	   [126].	   This	  
diamond	   was	   grown	   using	   a	   method	   known	   as	   high-­‐pressure	   high-­‐temperature	   (HPHT)	   where	  
carbon	   in	   the	   form	  of	  graphite	  was	  converted	   to	  carbon	   in	   the	   form	  of	  diamond	  by	  application	  of	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pressures	   above	   10	  GPa	   and	   temperatures	   above	   2000	  °C	   [126].	   The	   HPHT	   technique	   has	   been	  
refined	   over	   the	   years	   and	   is	   still	   the	   first	   choice	   for	   mass	   production	   of	   synthetic	   diamonds.	  
However,	  diamond	  growth	  by	  an	  alternative	  technique	  known	  as	  chemical	  vapour	  deposition	  (CVD)	  
provides	  a	  more	  flexible	  approach	  which	  may	  be	  more	  suitable	  for	  certain	  applications.	  
The	  CVD	  growth	  process	  involves	  the	  deposition	  of	  gas	  phase	  carbon	  onto	  a	  non-­‐diamond	  substrate	  
(hetero-­‐epitaxial	  growth)	  or	  a	  diamond	  seed	  crystal	  (homo-­‐epitaxial	  growth).	  Carbon	  containing	  gas	  
(usually	  methane)	  and	  hydrogen	  are	  fed	  into	  a	  chamber	  where	  they	  are	  dissociated	  into	  their	  atomic	  
constituents	   (reactive	  radicals)	  via	  means	  such	  as	  a	  hot	   filament	   [127],	  plasma	  generation	  [128]	  or	  
combustion	  flame	  [129].	  The	  carbon	  radicals	  are	  then	  deposited	  onto	  the	  substrate,	  which	  is	  held	  at	  
modest	  temperatures	  of	  between	  500°C	  and	  1200°C.	  The	  presence	  of	  atomic	  hydrogen	  is	  crucial	  to	  
the	  CVD	  process	   as	   it	   selectively	  etches	  away	   carbon	   in	   the	   form	  of	   graphite.	   Indeed,	   the	   ratio	  of	  
hydrogen	   to	  methane	   commonly	   fed	   into	   the	   chamber	   is	   ~	   99:1	   [130].	   Hetero-­‐epitaxial	   growth	   is	  
usually	   associated	   with	   the	   growth	   of	   polycrystalline	   diamond	   whereas	   homo-­‐epitaxial	   growth	   is	  
associated	  with	  single	  crystal	  growth.	  
CVD	   diamond	  was	   first	   produced	   from	   a	   carbon	   containing	   gas	   under	   low	   pressure	   conditions	   in	  
1953	   by	  William	   Eversole,	   although	   this	  was	   not	   reported	   until	   1962	   [131].	   This	   process	   involved	  
repeated	   cycles	   of	   deposition	   of	   carbon	   atoms	   from	   a	   hot	   carbon	   based	   gas	   (CO	   or	   CH4)	   onto	   a	  
diamond	  seed	  crystal	  followed	  by	  a	  cleaning	  process	  to	  remove	  build-­‐ups	  of	  unwanted	  graphite.	  By	  
today’s	   standards	   this	   technique	   was	   somewhat	   laborious	   and	   demonstrated	   an	   extremely	   slow	  
growth	  rate	  of	  one	  ten-­‐millionth	  of	  an	  inch	  per	  hour.	  The	  next	  major	  breakthrough	  came	  in	  the	  late	  
1970s	  when	   it	  was	  discovered	  that	  the	  use	  of	  atomic	  hydrogen	  dramatically	   improved	  growth	  rate	  
by	  etching	  graphite	  at	  a	  faster	  rate	  than	  diamond,	  and	  also	  allowed	  the	  nucleation	  of	  diamond	  onto	  
non-­‐diamond	  substrates.	  Intensive	  research	  in	  the	  area	  of	  CVD	  diamond	  was	  kick-­‐started	  in	  the	  early	  
1980s	   following	   the	   publication	   of	   several	   ground-­‐breaking	   papers	   by	   a	   group	   at	   the	   National	  
Institute	  for	  Research	  in	  Inorganic	  Materials	  (NIRIM)	  in	  Japan	  [132],	  [127].	  
5.3 Crystallographic	  defects	  in	  diamond	  
Pure	   diamond	  has	   never	   been	   found.	   In	   other	  words,	   there	   are	   always	   some	  deviations	   from	   the	  
ideal	  lattice.	  These	  deviations	  can	  come	  in	  the	  form	  of	  intrinsic	  defects	  such	  as	  vacancies,	  interstitials	  
and	  dislocations,	  or	  in	  the	  form	  of	  extrinsic	  defects	  i.e.	  substitutional	  non-­‐carbon	  atoms	  and	  various	  
associated	   complexes.	   Defects	   are	   extremely	   important	   as	   their	   nature	   affects	   many	   of	   the	  
properties	  of	  the	  crystal	  as	  a	  whole	   in	  ways	  that	  can	  be	  either	  beneficial	  or	  detrimental	  to	  a	  given	  
application.	   It	   is	   thus	   a	   vital	   step	   toward	  many	   potential	   applications	   that	   defects	   are	   identified,	  
understood	  and	  subsequently	  controlled.	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5.3.1 Nitrogen	  Impurities	  
Nitrogen	  is	  by	  far	  the	  most	  prevalent	  impurity	  in	  diamond	  and	  can	  be	  responsible	  for	  up	  to	  1%	  of	  a	  
diamond’s	   total	  mass	   [133].	   It	   can	   appear	   in	   the	   form	   of	   a	   direct	   substitution	   for	   a	   carbon	   atom	  
within	   the	   lattice,	   in	   various	   aggregated	   forms	   or	   as	   part	   of	   a	   complex	   with	   other	   extrinsic	   and	  
intrinsic	  lattice	  defects	  e.g.	  N-­‐V-­‐H	  [134]	  (nitrogen-­‐vacancy-­‐hydrogen	  complex).	  The	  three	  main	  forms	  
of	  nitrogen	  found	  in	  diamond	  are	  described	  below.	  
5.3.1.1 Nitrogen	  A	  
Nitrogen	  A	   is	  a	  complex	  consisting	  of	   two	  side-­‐by-­‐side	  nitrogen	  atoms	  substituting	   for	   two	  carbon	  
atoms	  within	  the	  diamond	  lattice.	  Most	  natural	  diamonds	  contain	  nitrogen	   in	  this	   form	  due	  to	  the	  
fact	   that	   they	   have	   spent	  millions	   of	   years	   deep	   in	   the	   Earth	   subjected	   to	   temperatures	   reaching	  
1300°C,	  which	  gives	  the	  nitrogen	  atoms	  the	  energy	  required	  for	  them	  to	  diffuse	  and	  form	  aggregates	  
[135].	  The	  A	  aggregate	  of	  nitrogen	  is	  identified	  by	  the	  IR	  absorption	  band	  at	  1282	  cm-­‐1	  [136],	  [137].	  
This	  defect	  does	  not	  impart	  any	  visible	  colouration	  on	  the	  crystal	  but	  does	  create	  UV	  absorption	  at	  
30307	  cm-­‐1	  [136].	  	  
5.3.1.2 Nitrogen	  B	  
This	   form	   of	   nitrogen	   is	   thought	   to	   be	   made	   up	   of	   a	   vacancy	   (site	   of	   a	   missing	   carbon	   atom)	  
surrounded	  by	  four	  substitutional	  nitrogen	  atoms	  [138]	  and	  is	  formed	  when	  two	  nitrogen	  A	  centres	  
combine.	   Diamonds	   containing	   B	   centres	   are	   thus	   at	   a	   later	   stage	   in	   aggregation	   than	   those	  
containing	  predominantly	  A	  centres.	  The	  B	  aggregate	  is	  identified	  by	  an	  IR	  absorption	  band	  at	  1175	  
cm-­‐1	  [139].	  Nitrogen	  B	  has	  no	  UV	  or	  visible	  absorption	  associated	  with	  it	  and	  imparts	  no	  colour	  to	  the	  
diamond	  [140].	  
5.3.1.3 Nitrogen	  C	  
Nitrogen	   C	   is	   a	   single	   substitutional	   nitrogen	   atom.	   It	   causes	   diamonds	   to	   adopt	   a	   strong	  
yellow/brown	   colour	   due	   to	   increasing	   absorption	   towards	   the	   blue	   end	   of	   the	   spectrum.	   Since	  
nitrogen	  has	   five	   valence	  electrons	   compared	   to	   the	   four	  of	   carbon	   it	  has	  an	  extra	  electron	  when	  
incorporated	   into	   the	  diamond	   lattice.	   The	   substituting	  nitrogen	  atoms	   form	  a	  donor	  energy	   level	  
within	   the	   band	   gap	   from	   which	   donor	   electrons	   can	   be	   excited	   into	   the	   conduction	   band	   by	  
absorption	  of	  photons	  with	  energy	  above	  ~2.2	  eV	  (~560	  nm)	  [141].	  
In	  general,	  the	  presence	  of	  nitrogen	  C	  as	  the	  dominant	  impurity	  is	  a	  hallmark	  of	  a	  synthetic	  diamond	  
since	  these	  diamonds	  have	  not	  been	  subjected	  to	  the	  millions	  of	  years	  of	  extreme	  temperature	  and	  
pressure	  that	  allows	  nitrogen	  to	  diffuse	  and	  form	  the	  A	  and	  B	  aggregates.	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5.3.1.4 Diamond	  Classification	  by	  Nitrogen	  Content	  
In	   1934,	   natural	   diamonds	   were	   divided	   into	   two	   classes	   (Type	   I	   and	   Type	   II)	   according	   to	   their	  
optical	   absorption	   [142].	   The	   diamond	   classification	   system	   used	   today	   is	   still	   based	   upon	   the	  
absorption	  caused	  by	   the	  dominant	   impurities	   found	   in	   the	  diamond	  but	   it	   is	  now	  known	  that	   the	  
origin	   of	   extra	   optical	   absorption	   seen	   in	   Type	   I	   diamond	   is	   due	   to	   nitrogen	   impurities.	   Type	   I	  
diamonds	  have	  relatively	  high	  nitrogen	  content	  and	  Type	  II	  diamonds	  have	  nitrogen	  content	  that	  is	  
less	   than	  2	  ppb,	  which	   is	   the	  detection	   limit	   of	   IR	   absorption	   spectroscopy	  methods.	   The	  modern	  
diamond	   classification	   system	   has	   been	   further	   sub-­‐divided	   based	   on	   the	   arrangement	   of	   the	  
nitrogen	  atoms	  in	  the	  diamond	  as	  shown	  below.	  
Diamond	  Type Dominant	  Impurity Effect	  on	  Colour	  of	  Diamond 
Type	  IaA Nitrogen	  A None 
Type	  IaB Nitrogen	  B None 
Type	  Ib Nitrogen	  C Absorbs	   blue	   &	   green	   causing	   intense	  
yellow/brown	  colour. 
Type	  IIa None	  “detectable” N/A 
Type	  IIb Substitutional	  Boron Absorb	  red,	  orange	  &	  yellow	  causing	  blue	  colour. 
Table	   3	   -­‐	   The	  modern	   diamond	   classification	   system	   based	   on	   the	   prevalence	   of	   substitutional	   nitrogen,	   aggregated	  
nitrogen	  and	  substitutional	  boron.	  
Type	   IIb	   diamonds	   are	   characterised	   by	   low	   nitrogen	   content	   and	   a	   significant	   concentration	   of	  
substitutional	   boron,	  which	   imparts	   a	   grey	   or	   blue	   colour	   to	   the	   diamond.	   CVD	   diamonds	   can	   be	  
intentionally	   doped	   with	   boron	   to	   produce	   a	   p-­‐type	   semiconductor	   [118].	   Approximately	   95%	   of	  
natural	  diamonds	  are	  Type	  Ia	  although	  natural	  Type	  Ib	  diamonds	  (known	  as	  Canary	  diamonds)	  with	  a	  
strong	  yellow	  colour	  can	  be	  found	  [138].	  The	  majority	  of	  HPHT	  diamonds	  are	  grown	  as	  Type	  Ib	  but	  
can	  be	  converted	  to	  Type	  Ia	  if	  subjected	  to	  sufficiently	  high	  temperature	  during	  growth	  or	  by	  post-­‐
growth	  annealing	   [138].	  CVD	  diamonds	  are	  usually	  Type	   II.	  Type	   II	  diamonds	  are	  extremely	   rare	   in	  
nature.	  
5.3.2 Lattice	  Vacancies	  
The	   lattice	   vacancy	   is	   an	   intrinsic	   defect	   in	   diamond	   that	   is	   simply	   the	   site	   of	   a	   “missing”	   carbon	  
atom.	  This	  defect	  is	  commonly	  associated	  with	  radiation	  damage	  but	  also	  forms	  naturally	  during	  the	  
growth	   process.	   Vacancies	   are	   a	   particularly	   important	   defect	   in	   diamond	   as	   they	   are	   known	   to	  
combine	  with	   impurity	  defects	   in	  diamond,	  often	  producing	  distinct	  optically	   active	  defects	   in	   the	  
process	  e.g.	  nitrogen	  vacancies.	  Vacancies	  are	  known	  to	  exist	  in	  either	  a	  neutral	  or	  a	  negative	  charge	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state,	   both	   of	   which	   produce	   characteristic	   absorption	   bands	   [143].	   The	   neutral	   charge	   state	   is	  
responsible	  for	  the	  GR1	  absorption	  band	  (GR	  is	  shorthand	  for	  “General	  Radiation”	  [137])	  with	  a	  zero-­‐
phonon	   line	   at	   1.673	   eV	   (742	  nm)	   [144].	   The	  negative	   charge	   state	   results	   in	   the	  ND1	   absorption	  
band	  which	  has	  a	  zero-­‐phonon	  line	  at	  3.15	  eV	  (394	  nm).	  The	  GR1	  centre	  produces	  fluorescence	  with	  
a	   reported	   lifetime	  of	   1.4	   ns	   at	   room	   temperature	   increasing	   to	   2.5	   ns	   at	   low	   temperature	   [145].	  
Neutrally	   charged	   vacancies	   become	   mobile	   during	   annealing	   at	   ~800°C	   whereupon	   they	   can	  
become	  trapped	  by	  impurity	  defects	  to	  form	  defect	  complexes	  [146].	  This	  process	  is	  commonly	  used	  
to	  produce	  nitrogen	  vacancy	  centres	  in	  irradiated	  diamond	  samples.	  	  
5.4 Photoluminescence	  of	  Diamond	  
As	  discussed	  previously,	  nitrogen	  is	  the	  dominant	  impurity	  in	  diamond	  and	  its	  three	  known	  forms	  are	  
identified	  by	   their	   IR	  absorption.	  There	  are	  over	  500	   identified	  optically	  active	  defects	   in	  diamond	  
[147],	  over	  100	  of	  which	  are	  luminescent	  [148].	  None	  of	  the	  forms	  of	  nitrogen	  found	  in	  diamond	  are	  
luminescent,	   but	   when	   they	   combine	   with	   a	   lattice	   vacancy	   (e.g.	   during	   annealing)	   they	   form	  
complexes	   that	   exhibit	   fluorescence.	   When	   combined	   with	   a	   vacancy,	   nitrogen	   A	   forms	   an	   H3	  
centre,	  nitrogen	  B	  forms	  an	  H4	  centre	  and	  nitrogen	  C	  forms	  an	  NV	  centre.	  H3	  and	  H4	  are	  spectrally	  
very	  similar	   -­‐	   the	  H3	  centre	  has	  a	  zero-­‐phonon	   line	  at	  2.463	  eV	   (503	  nm)	  and	  the	  H4	  centre	  has	  a	  
zero-­‐phonon	   line	   at	   2.499	   eV	   (497	   nm)	   with	   both	   centres	   exhibiting	   similar	   associated	   vibronic	  
sidebands	   [149].	  H3	   is	   known	   to	   also	   exist	   in	   a	   negative	   charge	   state	   (known	   as	  H2),	   producing	   a	  
zero-­‐phonon	   line	   at	   1.257	   eV	   (986	   nm)	   [150],	   [151].	   Three	   nitrogen	   atoms	   arranged	   around	   a	  
vacancy	  in	  the	  {111}	  plane	  form	  an	  N3	  centre.	  This	  centre	  is	  also	  fluorescent	  with	  a	  zero-­‐phonon	  line	  
at	  2.985	  eV	  (416	  nm)	  [140].	  The	  work	  presented	  in	  this	  thesis	  is	  mainly	  concerned	  with	  the	  NV	  centre	  
which	  is	  discussed	  in	  detail	  below.	  
5.4.1 The	  NV	  Centre	  
The	  NV	   centre	   is	   one	  of	   the	  most	  well-­‐known	  and	  widely	   studied	  defects	   seen	   in	  diamond.	   It	   has	  
been	   extensively	   researched	   for	   its	   potential	   applications	   in	   quantum	   technologies	   and	  
nanotechnologies.	   Much	   of	   this	   research	   was	   sparked	   by	   the	   first	   reported	   optical	   detection	   of	  
isolated	  NV	  centres	  in	  1997	  [152].	  The	  NV	  centre	  was	  routinely	  observed	  prior	  to	  this	  but	  knowledge	  
was	  limited	  to	  ensemble-­‐based	  measurements.	  
Room	  temperature	  quantum	  registers	  based	  on	  the	  NV-­‐	  centre	  along	  with	  proximal	  N	  and	  13C	  nuclear	  
spins	   have	   been	   demonstrated	   [153],	   [154],	   representing	   landmark	   achievements	   in	   quantum	  
information	  processing.	   Important	  applications	   in	   life	  sciences	  have	  also	  been	  presented,	   including	  
nanoscale	  magnetic	  field	  sensing	  at	  room	  temperature	  [155],	  [156],	  electric	  field	  sensing	  [157]	  and	  
133	  
	  
nanoscale	   thermometry	   in	   live	   cells	   [158].	   Interestingly,	   all	   such	   applications	   involve	   optically	  
addressing	  the	  centre.	  
NV	  centres	  can	  be	  artificially	  created	   in	  diamond	  by	   irradiation	   followed	  by	  annealing	   [159]	  or	   ion	  
implantation	   followed	   by	   annealing	   [160].	   They	   are	   also	   usually	   found	   as	   “in-­‐grown”	   defects	   in	  
untreated	  CVD	  diamond	  [161].	  The	  work	  in	  this	  thesis	  is	  mainly	  concerned	  with	  in-­‐grown	  NV	  centres	  
in	  CVD	  diamond.	  The	  mapping	  of	   the	  spatial	  distribution	  of	   in-­‐grown	  defects	  may	  give	   insight	   into	  
processes	  that	  occur	  during	  CVD	  diamond	  growth.	  
5.4.1.1 Structure	  of	  the	  NV	  centre	  
The	   optical	   absorption	   imparted	   to	   diamond	   by	   the	  NV-­‐	   centre	  was	   first	   observed	   by	   du	   Preez	   in	  
1965	   in	   type	   Ib	  diamond	   that	  had	  been	  subjected	   to	   irradiation	  and	  annealing	   [159].	  On	   the	  basis	  
that	  type	  Ib	  diamond	  contains	  single	  substitutional	  nitrogen	  (nitrogen	  C)	  as	  the	  dominant	  impurity,	  
and	   that	   irradiation	   creates	   lattice	   vacancies	   that	   become	   mobile	   during	   annealing,	   du	   Preez	  
concluded	   that	   the	  absorption	  was	   likely	  due	   to	   the	   formation	  of	   a	  nitrogen-­‐vacancy	   complex.	  Du	  
Preez	   added	   strength	   to	   his	   argument	   with	   the	   observation	   that	   the	   formation	   of	   the	   new	  
absorption	  band	  occurred	  concurrently	  with	  a	  reduction	  in	  absorption	  attributed	  to	  the	  GR1	  defect	  
(isolated	   lattice	   vacancy).	   Photoluminescence	   polarisation	  measurements	   [162]	   and	  uniaxial	   stress	  
studies	   [163]	   established	   that	   the	   NV	   centre	   has	   trigonal	   symmetry	   oriented	   along	   the	   [111]	  
crystallographic	  direction	  and	   that	   the	  optical	   transition	   is	  A-­‐E	   in	  nature.	  Figure	  82	  below	  shows	  a	  
schematic	  of	  the	  NV	  centre	  within	  the	  diamond	  lattice.	  
	  
Figure	  82	  -­‐	  Schematic	  of	  the	  NV	  centre	  and	  diamond	  lattice.	  Adapted	  from	  [6]	  ©	  2013	  with	  permission	  from	  Elsevier.	  
The	  NV	  centre	  is	  now	  known	  to	  exist	  in	  two	  charge	  states;	  the	  neutral	  (NV0)	  and	  the	  negative	  (NV-­‐).	  
The	  vast	  majority	  of	  work	  presented	  in	  the	  literature	  has	  been	  devoted	  to	  NV-­‐.	  Indeed,	  NV0	  has	  not	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been	   yet	   been	   demonstrated	   to	   be	   useful	   for	   any	   of	   the	   applications	   that	   are	   being	   intensively	  
researched	   using	   NV-­‐	   and	   relatively	   little	   is	   known	   about	   its	   properties.	   In	   general,	   the	  
instrumentation	  used	  during	  these	  studies	  was	  optimized	  for	  the	  study	  of	  NV-­‐.	  For	  this	  reason	  most	  
of	   the	   following	   discussion	   shall	   be	   focused	   on	   NV-­‐.	   However,	   it	   is	   important	   at	   this	   point	   to	  
acknowledge	  the	  existence	  of	  NV0	  since	  its	  presence	  can	  certainly	  affect	  measurements	  of	  NV-­‐.	  
5.4.1.2 Electronic	  Structure	  
The	  known	  details	  of	  the	  basic	  electronic	  structure	  of	  NV-­‐	  are	  shown	  below	  in	  Figure	  83.	  
	  
Figure	  83	  -­‐	  Diagram	  of	  the	  basic	  known	  details	  of	  the	  NV-­‐	  electronic	  structure	  
The	   NV-­‐	   centre	   is	   identified	   by	   its	   zero-­‐phonon	   line	   at	   637	   nm	   (1.945	   eV)	   [163].	   The	   ground	   and	  
excited	   states	  have	  been	  established	   to	  be	   triplet	   states	   [164].	   The	  additional	   zero-­‐phonon	   line	  at	  
1042	  nm	  (1.190	  eV)	  has	  been	  observed	  and	  attributed	  to	  a	  transition	  between	  singlet	  states	  within	  
the	  NV-­‐	  centre	  [165].	  
The	  zero-­‐phonon	  line	  at	  637	  nm	  (1.945	  eV)	  is	  accompanied	  by	  a	  strong,	  broad	  vibronic	  sideband	  that	  
extends	  to	  both	  the	  low	  and	  high	  energy	  sides	  of	  the	  zero-­‐phonon	  line.	  The	  NV-­‐	  centre	  is	  known	  as	  a	  
deep-­‐level	   defect	   as	   its	   optical	   transitions	   do	   not	   involve	   the	   valence	   or	   conduction	   band	   of	   the	  
diamond	   lattice.	  The	  absorption	  and	  emission	  spectra	  of	  NV-­‐	  are	  shown	  below	   in	  Figure	  84,	  where	  
the	   absorption	   curve	   has	   been	   reflected	   at	   the	   zero-­‐phonon	   line	   at	   1.945	   eV	   to	   allow	   easy	  
comparison	  with	  the	  luminescence	  curve.	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Figure	  84	  -­‐	  Luminescence	  (dotted)	  and	  absorption	  (solid)	  curves	  for	  NV-­‐,	  where	  the	  absorption	  curve	  has	  been	  reflected	  
at	  the	  zero-­‐phonon	  line	  at	  1.945	  eV.	  Adapted	  from	  [163]	  ©	  1976.	  
The	  origin	  of	   the	  splitting	  of	   the	  one-­‐phonon	  peak	   in	  absorption	   is	   thought	  to	  be	  due	  to	  the	  Jahn-­‐
Teller	  effect	  [166].	  
The	   NV-­‐	   centre	   exhibits	   a	   zero	   field	   magnetic	   resonance	   at	   ~2.88	   GHz	   that	   can	   be	   detected	   by	  
electron	   paramagnetic	   resonance	   (EPR)	   [167]	   or	   optically	   detected	   magnetic	   resonance	   (ODMR)	  
[168]	  methods	  (see	  Figure	  85).	  This	  resonance	  is	  known	  to	  occur	  between	  ms	  =	  0	  and	  ms	  =	  ±	  1	  	  sub-­‐
levels	  of	  the	  spin	  triplet	  ground	  state	  3A2	  and	  serves	  as	  a	  further	  means	  to	   identify	  the	  NV-­‐	  centre.	  
ODMR	  has	  also	  identified	  a	  resonance	  at	  ~1.42	  GHz	  which	  occurs	  between	  ms	  =	  0	  and	  ms	  =	  ±	  1	  sub-­‐
levels	  of	  the	  spin	  triplet	  excited	  state	  3E	  [169].	  
	  
Figure	  85	  -­‐	  Zero	  field	  splitting	  of	  the	  spin	  sub-­‐levels	  of	  the	  3A2	  ground	  and	  
3E	  excited	  states	  of	  NV-­‐	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Differing	  fluorescence	  count	  rates	  from	  the	  ms	  =	  0	  and	  ms	  =	  ±	  1	  spin	  states	  form	  the	  basis	  of	  ODMR.	  
The	  1A1	  and	  1E	  singlet	  states	  form	  intermediate	  dark	  states	  via	  which	  the	  ms	  =	  0	  and	  ms	  =	  ±	  1	  spin	  
states	   decay	   to	   the	   ground	   state	  with	   differing	   decay	   rates.	   The	   spin	   state	  with	   the	   slowest	   non-­‐
radiative	  decay	  rate	  through	  these	  intermediate	  dark	  states	  then	  has	  the	  highest	  fluorescence	  count	  
rate.	  This	  is	  currently	  believed	  to	  be	  the	  ms	  =	  0	  spin	  state	  [170].	  These	  differing	  non-­‐radiative	  decay	  
rates	  also	  have	  the	  consequence	  of	  spin-­‐polarisation	  of	  the	  centre	  into	  the	  ms	  =	  0	  spin	  state	  during	  
optical	  excitation	  [171].	  The	  ability	  to	  optically	  prepare	  and	  read	  out	  the	  ground	  state	  spin	  of	  an	  NV-­‐	  
centre	  enables	  its	  use	  in	  sensing	  applications	  and	  quantum	  technologies.	  
The	  zero-­‐phonon	  line	  of	  NV-­‐	  is	  also	  known	  to	  be	  further	  split	  by	  strain	  [172]	  and	  electric	  fields	  [173].	  
However,	  these	  effects	  can	  only	  be	  resolved	  at	  cryogenic	  temperatures	  (<	  10	  K).	  
5.4.1.3 Photoconversion	  and	  Photoblinking	  of	  NV-­‐	  
The	  NV-­‐	  centre	  is	  renowned	  for	  its	  high	  brightness	  and	  photostability.	  This	  is,	  however,	  only	  true	  for	  
off-­‐resonance	  excitation,	   i.e.	  away	  from	  the	  zero	  phonon	   line	  at	  637	  nm	  (1.945	  eV).	  To	   investigate	  
the	  dependence	  of	  NV-­‐	  emission	  on	  the	  wavelength	  of	  excitation	  light	  confocal	  imaging	  was	  carried	  
out	  on	  a	  system	  employing	  a	  supercontinuum	   laser	  source.	  Figure	  86	  shows	  confocal	   fluorescence	  
microscopy	  images	  of	  NV-­‐	  centres	  in	  bulk	  CVD	  diamond	  excited	  with	  optical	  bands	  centred	  on	  (left	  to	  
right)	  520	  nm	  (2.38	  eV),	  575	  nm	  (2.16	  eV),	  593	  nm	  (2.09	  eV),	  609	  nm	  (2.04	  eV),	  628	  nm	  (1.97	  eV)	  
with	  200	  microwatts	  excitation	  power	  used	   in	  each	  case	  using	  a	  100×	  oil	   immersion	  objective	   lens	  
with	  NA	  of	  1.4	  (Leica	  Microsystems,	  Wetzlar	  Germany).	  
	  
Figure	  86	  -­‐	  Wavelength	  dependence	  of	  NV-­‐	  emission.	  Confocal	  fluorescence	  microscopy	  images	  of	  NV-­‐	  centres	  in	  bulk	  
CVD	  diamond	  excited	  with	  optical	  bands	  centred	  on	  (left	  to	  right)	  520	  nm	  (2.38	  eV),	  575	  nm	  (2.16	  eV),	  593	  nm	  (2.09	  eV),	  
609	  nm	  (2.04	  eV),	  628	  nm	  (1.97	  eV)	  with	  200	  microwatts	  excitation	  power	  used	  in	  each	  case.	  Image	  size:	  128	  x	  128	  
pixels,	  pixel	  size	  	  =	  42	  nm,	  dwell	  time	  =	  2ms;	  
This	  demonstrates	  that	  the	  quantum	  efficiency	  of	  the	  NV-­‐	  centre	  is	  not	  constant	  across	  its	  absorption	  
curve.	   The	   intensity	   of	   the	   fluorescence	   emission	   drops	   rapidly	   as	   the	   excitation	   wavelength	  
approaches	  the	  wavelength	  of	  the	  zero	  phonon	  line.	  Waldherr	  et	  al	  [174]	  discovered	  that	  when	  NV-­‐	  
was	   excited	   at	   resonance	   (637	   nm,	   1.945	   eV)	   with	   continuous	   wave	   radiation	   the	   fluorescence	  
emission	   count	   rate	  decayed	  exponentially.	  Once	   the	   count	   rate	  had	  been	   reduced	   to	   zero	   it	  was	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further	   discovered	   that	   if	   the	   centre	   was	   then	   illuminated	   with	   off-­‐resonance	   (532	   nm,	   2.32	   eV)	  
continuous	  wave	  radiation	  the	  fluorescence	  emission	  count	  rate	  recovered	  exponentially.	  The	  decay	  
and	  recovery	  rates	  were	  found	  to	  be	  quadratically	  dependent	  on	  the	  intensity	  of	  the	  excitation	  light	  
at	   low	   intensities	   and	   linear	   at	   higher	   intensities.	   Nuclear	   magnetic	   resonance	   (NMR)	   spectra	  
measured	  during	   these	  effects	   indicated	   that	   they	  are	  a	   result	  of	  conversion	  between	  the	  NV-­‐	  and	  
NV0	   charge	   states.	   Using	   optical	   methods,	   Manson	   et	   al	   [175]	   directly	   measured	   the	   linear	  
conversion	  between	  NV-­‐	  and	  NV0	  and	  concluded	  that	  it	  is	  solely	  the	  result	  of	  exciting	  NV-­‐	  into	  its	  first	  
excited	  state.	  
Excitation	  of	  the	  NV-­‐	  centre	  at	  wavelengths	  close	  to	  the	  zero-­‐phonon	  line	  appears	  to	  directly	  lead	  to	  
rapid	  ionization	  to	  the	  NV0	  charge	  state	  from	  which	  it	  does	  not	  quickly	  recover.	  However,	  it	  has	  been	  
observed	  that	  the	  addition	  of	  relatively	   low	  levels	  of	  excitation	  light	  at	  wavelengths	  less	  than	  ~575	  
nm	  (~2.16	  eV)	  rapidly	  converts	  the	  centre	  back	  to	  the	  NV-­‐	  charge	  state	  [176].	  Excitation	  light	  tuned	  
to	  the	  zero-­‐phonon	  line	  of	  NV-­‐	  at	  637	  nm	  is	  of	   insufficient	  energy	  to	  excite	  the	  NV0	  centre	  from	  its	  
ground	  state	  to	  its	  first	  excited	  state.	  This	  implies	  that	  the	  photoconversion	  occurs	  via	  the	  3E	  and	  2E	  
excited	  states	  of	  the	  NV-­‐	  and	  NV0	  centres	  respectively,	  but	  further	  details	  of	  the	  exact	  mechanism	  are	  
unknown.	  These	  charge	  transfer	  effects	  seem	  to	  represent	  a	  complication	  for	  many	  applications	  of	  
NV-­‐	   but	   they	   also	   have	   been	   utilised	   for	   super-­‐resolution	   imaging	   of	   NV-­‐	   centres	   in	   bulk	   diamond	  
using	  the	  RESOLFT	  concept	  [177].	  This	  technique	  was	  recently	  refined	  to	  achieve	  optical	  resolution	  <	  
5	   nm	   and	   utilised	   to	   perform	  optically	   detected	  magnetic	   resonance	   (ODMR)	  measurements	  with	  
spatial	  resolution	  below	  the	  diffraction	  limit	  [178].	  
The	  basic	  electronic	  structure	  of	  NV0	  showing	  its	  zero-­‐phonon	  line	  at	  575	  nm	  (2.156	  eV)	  is	  shown	  in	  
Figure	  87.	  
	  
Figure	  87	  -­‐	  Basic	  electronic	  structure	  of	  NV0	  showing	  zero-­‐phonon	  line	  at	  2.156	  eV	  (575	  nm).	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In	  contrast	  to	  NV-­‐,	  no	  magnetic	  resonances	  attributable	  to	  the	  ground	  or	  excited	  states	  of	  NV0	  have	  
been	  discovered	  to	  date.	  The	  spin	  quartet	  4A2	  excited	  state	  has	  been	  identified	  by	  EPR	  studies	  and	  is	  
believed	  to	  be	  populated	  by	  non-­‐radiative	  decay	  from	  the	  2A	  excited	  state	  [179].	  
Figure	  88	  presents	   luminescence	  spectra	  collected	  from	  a	  CVD	  diamond	  sample	  when	  excited	  with	  
458	   nm	   light	   or	   514	   nm	   light	   at	   room	   temperature.	   These	   spectra	   illustrate	   the	   preferential	  
excitation	  of	  NV0	  with	  458	  nm	  light	  and	  NV-­‐	  with	  514	  nm	  light.	  Significant	  overlap	  of	  the	  two	  spectra	  
is	   evident	   and	   indicates	   that	   when	   exciting	   with	   these	   wavelengths	   it	   is	   difficult	   to	   reject	   the	  
emission	  of	  one	  charge	  state	  in	  favour	  of	  another	  (at	  room	  temperature).	  The	  zero	  phonon	  lines	  of	  
the	  NV0	  and	  NV-­‐	  centres,	  at	  575	  nm	  (2.16	  eV)	  and	  637	  nm	  (1.95	  eV)	  respectively,	  are	  clearly	  visible.	  	  
	  
Figure	  88	  -­‐	  Luminescence	  spectra	  of	  CVD	  diamond	  for	  458	  nm	  (red	  curve)	  excitation	  and	  514	  nm	  (black	  curve)	  excitation.	  
Sharp	  peaks	  at	  575	  nm	  and	  637	  nm	  are	  clearly	  visible,	  indicating	  the	  positions	  of	  the	  zero-­‐phonon	  lines	  of	  NV0	  and	  NV-­‐	  
centres	  respectively.	  
In	  addition	  to	  photoconversion	  of	  NV-­‐	  there	  have	  also	  been	  reports	  of	  photoblinking,	  specifically	   in	  
HPHT	  nanodiamonds	  [180],	  [181].	  	  
5.4.2 The	  SiV	  Centre	  
The	   silicon-­‐vacancy	   (SiV)	   has	   been	   billed	   as	   the	   brightest	   diamond-­‐based	   single	   photon	   source	   to	  
date	   [182].	  This	   colour	  centre	  exhibits	  an	  extremely	  narrow	  zero-­‐phonon	   line	  at	  738	  nm	   (1.68	  eV)	  
with	   reported	  widths	  of	  ~	  0.7	  nm	  and	  ~	  80%	  of	   the	   total	  emission	  occurring	   into	   the	  zero-­‐phonon	  
line	  [182].	  This	  property	  has	  led	  to	  the	  proposal	  of	  the	  silicon	  vacancy	  as	  an	  alternative	  to	  NV-­‐,	  which	  
has	  only	  weak	  emission	  into	  its	  zero-­‐phonon	  line,	  for	  many	  applications	  [183].	  Recently,	  spin-­‐tagged	  
resonance	   fluorescence	   from	   the	   negatively	   charged	   silicon-­‐vacancy	   centre	   was	   reported	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representing	  a	  major	  step	  towards	  utilisation	  of	  this	  centre	  in	  quantum	  information	  and	  metrology	  
applications	  [184].	  	  
SiV	  exists	   in	  a	  split-­‐vacancy	  configuration	  oriented	  along	  the	  [111]	  direction	  as	  shown	  in	  Figure	  89.	  
Similarly	  to	  the	  nitrogen	  vacancy,	  the	  silicon	  vacancy	  can	  be	  produced	  by	  ion	  implantation	  [183]	  or	  
as	  an	  in	  grown	  defect	  in	  CVD	  diamond	  [185]	  and	  is	  known	  to	  exist	  in	  both	  a	  neutral	  and	  a	  negative	  
charge	  state	  [185].	  Optical	  emission	  with	  a	  zero-­‐phonon	  line	  at	  946	  nm	  (1.31	  eV)	  has	  been	  attributed	  
to	   the	   neutral	   charge	   state	   and	   transfer	   between	   the	   two	   charge	   states	   stimulated	   by	   ultraviolet	  
excitation	  has	  been	  observed	  [185],	  [186].	  
	  
Figure	  89	  -­‐	  Schematic	  of	  the	  split-­‐vacancy	  structure	  of	  the	  silicon	  vacancy	  defect	  in	  diamond.	  Adapted	  from	  [182]	  ©	  
2011.	  
5.5 Fluorescent	  Nanodiamonds	  for	  Biomedical	  Imaging	  
Fluorescent	   nanodiamonds	   can	   range	   in	   size	   from	   ~500nm	   down	   to	   ~5nm.	   They	   have	   several	  
characteristics	  which	  make	  them	  ideal	  for	  use	  as	  labels	  in	  biomedical	  imaging.	  They	  exhibit	  extreme	  
photostability,	  are	  biocompatible	  (i.e.	  non-­‐toxic)	  and	  are	  easily	  surface	  functionalized	  with	  carboxyl	  
groups	  and	  their	  derivatives	  to	  enable	  binding	  with	  proteins	  and	  nucleic	  acids	  [187].	  Nanodiamonds	  
are	  commonly	  produced	  by	  detonation	  of	  carbon	  based	  explosives	   in	  a	  closed	  chamber	  [188].	  The	  
diamonds	   are	   then	   extracted	   from	  other	   by-­‐products	   by	   boiling	   in	   acid	   in	   an	   autoclave	   for	   a	   long	  
period.	  Nanodiamonds	  produced	  in	  this	  way	  are	  relatively	  impure,	  containing	  a	  large	  amount	  of	  non-­‐
diamond	  carbon	  [189].	  Alternatively	  it	  is	  possible	  to	  produce	  nanodiamonds	  by	  mechanical	  grinding	  
of	   large	   crystals	   to	   obtain	   a	   purer	   end	   product	   [190].	   The	   concentration	   of	   fluorescent	   centres	  
(usually	  NV	  centres)	  in	  the	  nanodiamond	  is	  commonly	  increased	  via	  irradiation	  and	  annealing	  [191].	  
Previous	   studies	   have	   demonstrated	   incubation	   of	   cells	   with	   incorporated	   nanodiamonds	   for	  
imaging	   [188].	  These	  studies	  observed	  that	  nanodiamond	  had	   little	  effect	  on	  cell	  viability	  and	  also	  
reported	  that	  no	  photobleaching	  was	  seen.	  In	  vivo	  imaging	  of	  nanodiamonds	  in	  C.	  elegans	  has	  also	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been	  demonstrated	  with	  no	  adverse	  effects	  observed	  [192].	  Functionalization	  of	  nanodiamond	  with	  
various	   biomolecules	   including	   biotin	   [193]	   and	   poly-­‐L-­‐lysine	   [194]	   has	   been	   achieved	   to	   allow	  
labelling	  of	  biological	  systems.	  
In	  contrast	  to	  NV-­‐	  centres	  in	  bulk	  diamond	  it	  has	  been	  observed	  that	  NV-­‐	  centres	  in	  nanodiamond	  can	  
be	   irreversibly	   ionized	   by	   femtosecond	   laser	   pulses	   converting	   them	   into	   their	   neutrally	   charged	  
state	   [191],	   [195].	   While	   this	   effect	   does	   not	   destroy	   the	   centre,	   it	   does	   change	   the	   spectral	  
properties	  by	  blue-­‐shifting	  the	  absorption	  and	  emission.	  This	  may	  have	  implications	  for	  two-­‐photon	  
microscopy	  of	  NV-­‐	  centres	  nanodiamonds	  where	  the	  use	  of	  near	  infra-­‐red	  wavelengths	  to	  excite	  the	  
centres	  is	  beneficial	  for	  the	  avoidance	  of	  cell	  autofluorescence	  and	  enhanced	  penetration	  depth	  into	  
tissue.	   The	   high	   optical	   stability	   and	   brightness	   of	   the	   fluorescent	   centres	   make	   nanodiamonds	  
particularly	  attractive	  for	  3D	  tracking	  of	  a	  single	  particle	  over	  a	  long	  time	  period.	  This	  technique	  has	  
been	  successfully	  demonstrated	  and	  could	  provide	  a	  method	  to	  characterize	  intracellular	  processes	  
such	  as	  drug	  delivery	  and	  virus	  infection	  [191].	  	  
Pre-­‐irradiated	   nanodiamonds	   are	   now	   commercially	   available	   (Adamas	   Nanotechnologies	   Inc,	  
Raleigh,	  USA).	  Different	  sizes	  are	  available	  and	  as	  such	  it	  must	  be	  kept	  in	  mind	  that	  a	  larger	  diamond	  
will,	   in	   general,	   contain	   more	   fluorescent	   centres	   and	   will	   thus	   be	   brighter.	   There	   is	   a	   trade-­‐off	  
between	  brightness	  of	  the	  crystals	  and	  their	  ability	  to	  permeate	  into	  the	  desired	  area	  of	  the	  cell.	  H3	  
and	   H4	   centres	   offer	   similarly	   photostable	   alternatives	   to	   the	   nitrogen	   vacancy	   operating	   in	   a	  
different	  waveband	  (Figure	  90)	  which	  could	  be	  useful	  in	  a	  two	  colour	  pairing	  with	  NV-­‐	  [196].	  
	  
Figure	  90	  -­‐	  Emission	  spectra	  and	  fluorescence	  lifetime	  curves	  of	  H3	  and	  H4	  centres	  in	  nanodiamond.	  Adapted	  from	  [196]	  
©	  2011	  with	  permission	  from	  AIP	  Publishing	  LLC.	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In	  addition	  to	  standard	  fluorescence	  imaging	  for	  the	  spatial	  mapping	  of	  nanodiamonds	  there	  is	  also	  
scope	   for	   their	   use	   as	   nanoscale	   sensors	   of	   magnetic	   and	   electric	   fields	   via	   utilisation	   of	   ODMR	  
imaging	  of	  NV-­‐	  centres	  [197].	  	  
5.6 Differential	   Uptake	   and	   Preferential	   Orientation	   of	   NV-­‐	   in	   CVD	  
Diamond	  
5.6.1.1 Differential	  Uptake	  
Figure	   91	   shows	   a	   confocal	   fluorescence	   image	   of	   bulk	   CVD	   diamond	   obtained	  with	   100×,	   1.4NA	  
objective	  lens.	  The	  sample	  was	  excited	  at	  575	  nm	  and	  emission	  detected	  in	  the	  band	  672	  –	  712	  nm	  
such	  that	  the	  image	  represents	  the	  spatial	  distribution	  of	  NV-­‐	  centres	  in	  the	  diamond.	  The	  sample	  is	  
cut	  to	  form	  a	  cross-­‐sectional	  slice	  through	  the	  entire	  depth	  of	  the	  CVD	  growth.	  As	   indicated	  in	  the	  
figure,	   the	   CVD	   growth	   occurred	   along	   the	   y-­‐axis	   in	   the	   image	   such	   that	   the	   x-­‐y	   plane	   imaged	  
represents	  a	   cross-­‐sectional	   slice	   through	   the	  growth	  history	  diamond.	   In	   this	   image	  and	  all	   those	  
presented	  in	  this	  thesis	  the	  x-­‐y	  plane	  is	  perpendicular	  to	  the	  optical	  axis	  of	  the	  instrument.	  	  
	  
Figure	  91-­‐	  Confocal	  fluorescence	  image	  of	  CVD	  diamond	  collected	  with	  NA	  =	  1.4	  showing	  a	  cross-­‐sectional	  view	  of	  NV-­‐	  
uptake	  during	  growth.	  The	  sample	  was	  excited	  using	  575	  nm	  excitation	  light	  and	  emission	  was	  detected	  in	  the	  band	  672	  
–	  712	  nm.	  Image	  size:	  256	  x	  256	  pixels,	  pixel	  size	  =	  136	  nm,	  dwell	  time	  =	  10	  ms.	  
The	  features	  seen	  in	  the	  image	  are	  commonly	  referred	  to	  as	  “striations”	  and	  are	  known	  to	  occur	  as	  a	  
result	   of	   “step	   bunching”	   during	   CVD	   growth	   in	   a	   nitrogen	   rich	   environment	   [198]–[200].	   As	  
illustrated	   in	   Figure	   92	   the	   growth	   surface	   at	   any	   instant	   during	   CVD	   growth	   consists	   of	   terrace	  
regions	  interspersed	  by	  inclined	  riser	  regions.	  The	  impurity	  defects	  are	  grown	  in	  to	  the	  riser	  surfaces	  
at	   a	  much	   greater	   rate	   than	   on	   the	   terrace	   surfaces,	   thus	   giving	   rise	   to	   the	   striations	   seen	   in	   the	  
fluorescence	  image.	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Figure	  92	  –	  Low	  defect	  density	  terrace	  (blue)	  and	  high	  defect	  density	  riser	  (orange)	  growth	  regions	  formed	  during	  CVD	  
diamond	  growth.	  
Fine	   structure	   is	   sometimes	   observed	   in	   these	   striations	   as	   demonstrated	   by	   the	   confocal	  
fluorescence	  image	  shown	  in	  Figure	  93.	  Study	  of	  these	  structures	  could	  offer	   insight	   into	  the	  exact	  
mechanism	  of	  defect	  uptake	  on	  riser	  growth	  surfaces.	  
	  
Figure	  93	  -­‐	  Confocal	  fluorescence	  image	  of	  CVD	  diamond	  collected	  with	  NA	  =1.4	  showing	  a	  cross-­‐sectional	  view	  of	  
diamond	  growth.	  The	  sample	  was	  excited	  using	  575	  nm	  excitation	  light	  and	  emission	  was	  detected	  in	  the	  band	  672	  –	  712	  
nm.	  Image	  size	  =	  512	  x	  512	  pixels,	  pixel	  size	  =	  59	  nm,	  dwell	  time	  =	  0.05	  ms	  accumulated	  for	  50	  frames.	  
Often	   the	   resolution	   of	   standard	   confocal	   microscopy	   is	   not	   high	   enough	   to	   resolve	   fine	   details	  
within	   striations.	   Super-­‐resolution	   microscopy	   techniques	   such	   as	   STED	   and	   RESOLFT	   provide	   a	  
means	   to	   study	   these	   defect	   distributions	   on	   the	   nanoscale.	   Figure	   94	   below	   demonstrates	   the	  
ability	  of	  STED	  microscopy	  to	  resolve	  structural	  details	  not	  visible	  in	  confocal	  imaging.	  These	  images	  
were	  acquired	  using	  the	  beam	  scanning	  STED	  system	  described	  in	  Chapter	  7.	  Approximately	  0.5	  mW	  
of	  excitation	  power	  at	  575	  nm	  and	  200	  mW	  of	  depletion	  power	  at	  780	  nm	  were	  used.	  Emission	  was	  
detected	  in	  the	  band	  672	  –	  712	  nm.	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Figure	  94	  -­‐	  Confocal	  (a)	  and	  STED	  (b)	  images	  of	  NV	  centres	  in	  CVD	  diamond	  acquired	  with	  an	  oil	  immersion	  objective	  lens	  
of	  NA	  1.4.	  575	  nm	  and	  780	  nm	  radiation	  was	  used	  for	  excitation	  and	  depletion	  respectively.	  Emission	  was	  detected	  in	  
the	  band	  672	  –	  712	  nm.	  Image	  size	  =	  256	  x	  256	  pixels,	  pixel	  size	  =	  17.8	  nm,	  dwell	  time	  =	  0.05	  ms	  accumulated	  for	  200	  
frames.	  
5.6.1.2 	  	  	  Preferential	  Orientation	  
Within	  the	  diamond	  crystal	  structure	  the	  NV	  centre	  has	  four	  possible	  orientations:	  [111],	  [11̅1̅],	  [1̅1̅1]	  
and	  [1̅11̅].	  These	  orientations	  are	  illustrated	  below	  in	  Figure	  95.	  In	  most	  diamonds	  the	  orientation	  of	  
NV	   centres	   is	   equally	   distributed	   between	   all	   four	   possible	   directions.	   For	   many	   applications,	  
however,	  it	  is	  desirable	  for	  all	  NV-­‐	  centres	  to	  be	  aligned	  along	  the	  same	  direction	  within	  a	  bulk	  crystal	  
due	   to	   the	   fact	   that	   the	   centre’s	   spin	   and	   optical	   characteristics	   are	   strongly	   dependent	   on	  
orientation.	  Preferential	  alignment	  thus	  maximises	  collection	  efficiency	  of	  the	  NV-­‐	  emission	  and	  also	  
maximises	  the	  sensitivity	  of	  ensemble	  based	  magnetic	  field	  measurements.	  	  	  
	  
Figure	  95	  -­‐	  Schematic	  of	  the	  four	  possible	  orientations	  of	  NV	  centres	  in	  diamond.	  Carbon	  atoms	  are	  represented	  by	  grey	  
circles,	  nitrogen	  atoms	  as	  blue	  circles	  and	  lattice	  vacancies	  as	  red	  circles.	  
Recent	  studies	  of	  CVD	  diamond	  grown	  on	  {110}	  oriented	  substrates	  utilised	  EPR	  measurements	  and	  
polarisation	   resolved	   confocal	  microscopy	   to	   establish	   a	   near	   100%	  preferential	   orientation	  of	  NV	  
centres	  along	  the	  [111]	  and	  [11̅1̅]	  directions	  [24].	  Two	  orthogonal	  dipoles	  are	  associated	  with	  optical	  
transitions	  in	  NV-­‐	  centres	  [201].	  Both	  of	  these	  dipoles	  are	  aligned	  in	  a	  plane	  perpendicular	  to	  the	  NV-­‐	  
centre	  axis	  of	  symmetry	  (i.e.	   in	  a	  plane	  perpendicular	  to	  the	  line	  joining	  the	  red	  and	  blue	  circles	   in	  
Figure	  95).	  If	  an	  excitation	  laser	  is	  incident	  on	  the	  NV-­‐	  centre	  perpendicularly	  to	  the	  plane	  of	  the	  two	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dipoles	  then	  the	  excitation	  rate	  is	  independent	  of	  the	  laser	  polarisation	  angle,	  since	  the	  dipoles	  are	  
orthogonal	   and	   have	   equal	   strength.	   However,	   for	   different	   orientations	   of	   the	   NV-­‐	   centre	   with	  
respect	   to	  plane	  of	   the	   incoming	   laser	  polarisation	   the	  excitation	   rates	  become	  dependent	  on	   the	  
laser	  polarisation	  angle.	  Specifically,	  the	  fluorescence	  count	  rates	  for	  NV-­‐	  with	  dipoles	  oriented	  out	  of	  
the	   plane	   of	   the	   polarisation	   of	   the	   excitation	   are	   modulated	   by	   rotation	   of	   the	   incoming	  
polarisation.	  
The	   discovery	   of	   this	   preferential	   alignment	   demonstrates	   that	   NV	   centres	   are	   grown	   in	   to	   CVD	  
diamond	   as	   units	   rather	   than	   by	   trapping	   of	   mobile	   lattice	   vacancies	   by	   substitutional	   nitrogen	  
atoms	   during	   growth	   since	   the	   latter	   case	  would	   result	   in	   the	   formation	   of	  NV	   centres	   in	   all	   four	  
possible	  orientations.	  
Complete	   preferential	   orientation	   of	   NV-­‐	   centres	   along	   a	   single	   direction	   during	   CVD	   growth	   has	  
been	   actively	   pursued	   and	   was	   recently	   demonstrated	   in	   diamond	   grown	   on	   {111}	   oriented	  
substrates	   [202]–[204].	   This	   advancement	   will	   provide	   a	   fourfold	   increase	   in	   the	   sensitivity	   of	  
ensemble	  based	  magnetic	  field	  measurements	  using	  NV-­‐	  centres.	  
5.7 Fluorescence	  Lifetime	  Imaging	  (FLIM)	  
Many	  impurities/defects	  in	  diamond	  are	  non-­‐fluorescent	  in	  nature	  and	  other	  methods	  are	  needed	  to	  
detect	  them.	  Luminescence-­‐lifetime	  mapping	  is	  one	  such	  method,	  whereby	  fluorescent	  defects	  are	  
used	  as	  a	  probe	  of	  the	  local	  environment	  [205],	  [206].	  Lifetime	  variations	  across	  the	  sample	  can	  be	  
used	  to	  imply	  the	  presence	  of	  quenching	  defects	  (e.g.	  single	  substitutional	  and	  aggregated	  nitrogen).	  	  
Fluorescence	  lifetime	  measurements	  were	  carried	  out	  during	  the	  course	  of	  this	  PhD	  using	  a	  custom	  
built	  confocal	  microscope	  combined	  with	  time	  correlated	  single	  photon	  counting	  electronics.	  Pulsed	  
excitation	  light	  is	  provided	  by	  selecting	  a	  suitable	  waveband	  (550	  –	  600	  nm)	  from	  a	  supercontinuum	  
generated	  by	  pumping	   a	  microstructure	  optical	   fibre	  with	   femtosecond	  780	  nm	  pulses	   at	   80	  MHz	  
repetition	   rate	   from	   a	  mode-­‐locked	   Ti:Sapphire	   laser	   (Spectra-­‐Physics	  Mai	   Tai	   HP).	   The	   excitation	  
light	  is	  spatially	  filtered	  via	  a	  polarisation	  maintaining	  single	  mode	  fibre,	  expanded	  and	  directed	  into	  
the	   microscope	   frame	   via	   a	   long	   pass	   dichroic	   mirror	   (edge	   650	   nm).	   Scanning	   is	   achieved	   via	   a	  
commercial	  galvanometric	  scan	  unit	   (Yanus	   IV,	  Till	  Photonics,	  Munich).	  Fluorescence	  excited	   in	  the	  
sample	   passes	   through	   the	   long	   pass	   dichroic	   and	   is	   further	   spectrally	   filtered	   by	   a	   bandpass	  
emission	   filter	   (672	  –	  712	  nm)	  before	  being	   coupled	   through	  a	  multimode	   step	   index	   fibre	  with	   a	  
50µm	   core	   that	   acts	   as	   a	   confocal	   pinhole	   (M42L01,	   Thorlabs).	   Fluorescence	   photons	   are	   then	  
detected	   by	   a	   hybrid	   PMT	   (HPM-­‐100-­‐50,	   Becker	   and	   Hickl)	   connected	   to	   a	   time	   correlated	   single	  
photon	  counting	  card	  (SPC-­‐830,	  Becker	  and	  Hickl).	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Figure	  96	  shows	  confocal	  x-­‐y	  plane	  (a)	  and	  y-­‐z	  plane	  (b)	  images	  of	  a	  bright	  feature	  in	  a	  single	  crystal	  
CVD	  diamond	  sample.	  The	  sample	  was	  cut	  such	  that	  it	  represents	  a	  cross-­‐sectional	  slice	  throughout	  
the	  diamond	  growth	  with	  the	  [001]	  growth	  direction	  aligned	  along	  the	  Y	  axis	  of	  these	   images.	  The	  
final	  growth	  surface	  of	  the	  diamond	  is	  seen	  towards	  the	  top	  of	  (a)	  and	  at	  the	  right	  of	  (b).	  Figure	  96	  
(c)	  shows	  the	  intensity	  merged	  weighted	  mean	  lifetime	  map	  associated	  with	  Figure	  96	  (b).	  The	  drop	  
in	   intensity	   seen	   in	   (b)	   with	   increasing	   z	   is	   likely	   due	   to	   aberrations	   experienced	   when	   focusing	  
deeper	  into	  the	  diamond.	  
	  
Figure	  96	  -­‐	  Confocal	  x-­‐y	  plane	  (a)	  and	  confocal	  y-­‐z	  plane	  (b)	  intensity	  maps	  and	  associated	  y-­‐z	  plane	  weighted	  mean	  
lifetime	  map	  (c)	  of	  CVD	  diamond	  sample	  0942708-­‐E1.	  The	  edge	  of	  the	  diamond	  is	  located	  at	  the	  top	  of	  (a)	  and	  at	  the	  
right	  hand	  side	  of	  (b)	  and	  (c).	  Image	  size:	  256	  x	  256	  pixels.	  Pixel	  size	  =	  119nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  images	  
accumulated	  for	  600	  seconds.	  The	  sample	  was	  excited	  using	  575	  nm	  excitation	  light	  and	  emission	  was	  detected	  in	  the	  
band	  672	  –	  712	  nm.	  
The	   fluorescence	   lifetime	  data	  were	  processed	  using	   a	   freely	   available	   global	   fitting	   software	   tool	  
that	   was	   developed	   in-­‐house	   (FLIMfit,	   Imperial	   College	   London)	   [29].	   To	   proceed	   with	   fitting	   the	  
data,	   the	   entire	   field	   of	   view	  was	   binned	   together	   to	   generate	   a	   single	   decay	   curve	   that	   included	  
contributions	  from	  all	  pixels	   in	  the	  image.	  This	  curve	  was	  cropped	  within	  a	  7	  ns	  window	  to	  neglect	  
very	  short	  lifetime	  and	  scatter	  components	  that	  otherwise	  made	  fitting	  difficult.	  The	  resultant	  curve	  
was	  found	  to	  be	  well	  fitted	  with	  a	  double	  exponential	  fit	  consisting	  of	  an	  11.4	  ns	  component	  and	  a	  
2.9	   ns	   component.	   These	   lifetime	   values	   were	   then	   fixed	   and	   the	   data	   fitted	   pixel-­‐wise	   with	   a	  
maximum	   likelihood	   algorithm	   to	   generate	   the	  weighted	  mean	   lifetime	  map	   in	   Figure	   96	   (c).	   Chi-­‐
squared	  values	  associated	  with	  fits	  at	  each	  pixel	  were	  distributed	  evenly	  around	  1	  as	  shown	  by	  the	  
histogram	  and	  image	  below.	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Figure	  97	  -­‐	  Chi-­‐squared	  map	  (left)	  and	  histogram	  (right)	  associated	  with	  the	  fitted	  lifetime	  data	  of	  Figure	  96	  (c).	  
Figure	   98	   shows	   weighted	   mean	   lifetime	   (ps),	   scatter	   component	   map	   and	   chi-­‐squared	   map	  
generated	   when	   the	   uncropped	   decays	   were	   fitted	   globally	   using	   three	   exponential	   components	  
with	  a	  locally	  fitted	  scatter	  component.	  
	  
Figure	  98	  -­‐	  Weighted	  mean	  lifetime	  (a),	  scatter	  component	  map	  (b)	  and	  chi-­‐squared	  map	  (c)	  generated	  using	  global	  
fitting.	  
In	  this	  case	  a	  threshold	  was	  applied	  to	  the	  data	  to	  exclude	  pixels	  with	  less	  than	  600	  photon	  counts.	  
The	   global	   fit	   produced	   lifetime	   values	   of	   11.8	   ns,	   3.3	   ns	   and	   230	   ps.	   It	   is	   seen	   that	   this	   model	  
generates	  a	  weighted	  mean	  lifetime	  map	  that	  is	  very	  similar	  to	  that	  shown	  in	  Figure	  96	  (c).	  The	  chi-­‐
square	   values	   associated	   with	   the	   fitted	   decays	   are	   higher	   than	   those	   obtained	   for	   the	   cropped	  
decays,	  indicating	  that	  there	  may	  not	  be	  sufficient	  degrees	  of	  freedom	  available	  to	  explain	  all	  of	  the	  
processes	  present.	  One	  obvious	  method	  to	  improve	  the	  quality	  of	  this	  data	  would	  be	  to	  increase	  the	  
integration	  time	  of	  the	  acquisition	  to	  achieve	  higher	  signal	  to	  noise.	  The	  strong	  scatter	  components	  
seen	   in	   Figure	   98	   (b)	   are	   mainly	   located	   at	   the	   right	   hand	   side	   of	   the	   image	   where	   edge	   of	   the	  
diamond	   is	   pointing	   into	   air.	   The	   ~12	   ns	   component	   is	   likely	   due	   to	   NV-­‐.	   The	   origin	   of	   the	   ~3	   ns	  
component	   is	   less	  clear	  but	  may	  be	  attributable	  to	  a	  fluorescent	  centre	  with	  a	  zero	  phonon	  line	  at	  
467.7nm	  (known	  only	  as	  the	  467nm	  centre)	  that	  has	  been	  observed	  in	  CVD	  diamond.	  The	  lifetime	  of	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this	  centre	  has	  previously	  been	  reported	  in	  a	  PhD	  thesis	  as	  ~3ns	  where	  the	  emission	  was	  collected	  
over	  a	  range	  from	  500-­‐530	  nm	  [207].	  Another	  possible	  origin	  of	  the	  short	  component	   is	  an	  optical	  
centre	   with	   a	   zero-­‐phonon	   line	   at	   532	   nm	   that	   has	   also	   been	   observed	   in	   CVD	   diamond	   with	   a	  
reported	  lifetime	  of	  3.3	  ns	  [208].	  The	  origin	  of	  the	  230	  ps	  lifetime	  component	  is	  unknown	  but	  may	  
be	   due	   to	   scatter	   from	   the	   diamond	   surface.	   The	   inclusion	   of	   this	   short	   component	   in	   the	   fitting	  
parameters	  was	  necessary	  to	  correctly	  estimate	  the	  long	  lifetime	  components.	  
Figure	  99	  shows	  confocal	  x-­‐y	  plane	  (a)	  and	  y-­‐z	  plane	  (b)	  images	  of	  a	  bright	  feature	  in	  a	  single	  crystal	  
CVD	  diamond	  sample.	  As	   in	  Figure	  94	  the	  sample	  was	  cut	  such	  that	   it	   represents	  a	  cross-­‐sectional	  
slice	   throughout	   the	  diamond	  growth	  and	  the	   [001]	  growth	  direction	   is	  aligned	  along	   the	  y-­‐axis	  of	  
these	  images.	  The	  final	  growth	  surface	  of	  the	  diamond	  is	  seen	  towards	  the	  top	  of	  (a)	  and	  at	  the	  right	  
of	  (b).	  Figure	  99	  (c)	  shows	  the	  intensity	  merged	  weighted	  mean	  lifetime	  map	  associated	  with	  Figure	  
99	  (b).	  
	  
Figure	  99	  -­‐	  Confocal	  x-­‐y	  plane	  (a)	  and	  confocal	  y-­‐z	  plane	  (b)	  intensity	  maps	  and	  associated	  y-­‐z	  plane	  weighted	  mean	  
lifetime	  map	  (c)	  of	  CVD	  diamond	  sample	  0527208-­‐C.	  Figure	  (a)	  -­‐	  image	  size:	  512	  x	  512	  pixels.	  Pixel	  size	  =	  148	  nm.	  Pixel	  
dwell	  time	  	  =	  25	  µs	  with	  images	  accumulated	  over	  50	  frames.	  Figures	  (b)	  and	  (c)	  image	  size:	  256	  x	  256	  pixels.	  Pixel	  size	  =	  
119	  nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  images	  accumulated	  over	  600	  seconds	  The	  sample	  was	  excited	  using	  575	  nm	  
excitation	  light	  and	  emission	  was	  detected	  in	  the	  band	  672	  –	  712	  nm.	  
In	  Figure	  99	  (b)	  and	  (c)	  a	  dark	  line	  can	  be	  seen	  running	  approximately	  parallel	  to	  the	  x-­‐z	  plane.	  It	  was	  
found	  that	  the	  fluorescence	  collected	  to	  the	  left	  of	  this	  line	  in	  Figure	  99	  (b)	  was	  well	  fitted	  with	  three	  
exponential	   decay	  model	  with	   lifetimes	   of	   17.4	   ns,	   1.2	   ns	   and	   80	   ps	   as	   shown	   in	   Figure	   100.	   The	  
weighted	  mean	  lifetime	  of	  this	  fit	  was	  16.9	  ns.	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Figure	  100	  -­‐	  data	  (blue	  circles),	  instrument	  response	  function	  (blue	  dashed	  line),	  fitted	  decay	  (red	  line)	  and	  normalized	  
residuals	  (blue	  line)	  associated	  with	  binned	  pixels	  in	  left-­‐hand	  region	  of	  Figure	  99	  (b).	  
The	   fluorescence	   collected	   to	   the	   right	   of	   the	   line	   in	   Figure	   99	   (b)	   was	   well	   fitted	   with	   three	  
exponential	  decay	  model	  with	   lifetimes	  of	  16.9	  ns,	  1.04	  ns	  and	  80	  ps	  as	   shown	   in	   Figure	  101.	  The	  
weighted	  mean	  lifetime	  of	  this	  fit	  was	  15.9	  ns.	  
	  
Figure	  101	  -­‐	  data	  (blue	  circles),	  instrument	  response	  function	  (blue	  dashed	  line),	  fitted	  decay	  (red	  line)	  and	  normalized	  
residuals	  (blue	  line)	  associated	  with	  binned	  pixels	  in	  right-­‐hand	  region	  of	  Figure	  20	  (b)	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To	  produce	  the	  weighted	  mean	  lifetime	  map	  in	  Figure	  99	  (c)	  a	  three	  exponential	  decay	  model	  with	  
three	   fixed	   components	   of	   17	   ns,	   1.1	   ns	   and	   80	   ps	  was	   chosen	   and	   the	   data	  were	   fitted	   using	   a	  
maximum	  likelihood	  algorithm.	  This	  model	  produced	  reasonably	  good	  fits	  to	  the	  data	  as	  indicated	  by	  
the	  chi-­‐squared	  map	  and	  histogram	  shown	  in	  Figure	  102.	  The	  higher	  𝜒!	  values	  seen	  at	  the	  boundary	  
between	  the	  two	  regions	   indicate	  that	  the	  model	  does	  not	  fit	  well	  to	  the	  data	  here.	  There	  may	  be	  
processes	  present	  that	  are	  not	  well	  described	  by	  the	  three	  exponential	  model	  chosen.	  For	  example,	  
quenching	   processes	   could	   produce	   a	   spread	   of	   lifetimes	   that	   cannot	   be	   well	   described	   using	   a	  
model	  consisting	  of	  three	  fixed	  exponentials.	  
	  
Figure	  102	  -­‐	  Chi-­‐squared	  map	  (left)	  and	  histogram	  (right)	  associated	  with	  the	  fitted	  lifetime	  data	  of	  Figure	  99	  (c).	  
The	   longest	   lifetime	   component	   of	   ~17	   ns	   could	   conceivably	   be	   attributed	   to	   the	   NV0	   centre	  
although	   the	   excitation/emission	  wavebands	   in	   this	   experiment	  were	   tuned	   closer	   to	   that	   of	   NV-­‐.	  
The	  shorter	  component	  of	  ~1.1	  ns	  could	  be	  related	  to	  the	  negatively	  charged	  silicon	  vacancy	  since	  
this	   sample	   is	   known	   to	   have	   high	   silicon	   content	   and	   the	  measured	   lifetime	   value	   agrees	   closely	  
with	  literature	  values	  [182].	  The	  origin	  of	  the	  very	  short	  lifetime	  component	  of	  ~80	  ps	  is	  unknown.	  
5.8 Multispectral	  Bulk	  Fluorescence	  Lifetime	  Measurement	  
In	  addition	  to	  fluorescence	  lifetime	  imaging	  it	  may	  also	  be	  useful	  to	  study	  the	  lifetimes	  of	  emission	  
collected	   from	   the	   bulk	   of	   diamond	   samples.	   While	   such	   measurements	   do	   not	   offer	   spatial	  
information	  they	  benefit	  from	  higher	  signal	   levels	  than	  confocal	  FLIM	  and	  could	  be	  used	  to	  quickly	  
identify	  samples	  that	  exhibit	  quenching	  effects	  that	  could	  then	  be	  passed	  on	  for	  further	  study	  with	  
FLIM.	  
To	   explore	   this	   approach,	   work	   has	   been	   carried	   out	   on	   a	   cuvette-­‐based	   system	   which	   offers	  
excitation	  from	  either	  a	  pulse-­‐picked	  supercontinuum	  source	  extending	  from	  ~400nm	  into	  the	  near	  
IR	   or	   an	   80	  MHz	  UV	   laser	   (355nm)	   [209].	   Collection	   of	   fluorescence	   from	   the	   bulk	   of	   the	   sample	  
through	  a	  spectrograph	  allows	  convenient	  measurement	  of	  lifetime	  variations	  across	  a	  wide	  spectral	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band	   while	   keeping	   all	   other	   parameters	   constant.	   In	   such	   a	   way,	   emission	   spectra	   and	   lifetime	  
variation	  across	  the	  emission	  spectrum	  may	  be	  simultaneously	  measured.	  	  	  
The	   plot	   shown	   in	   Figure	   103	   shows	   the	   fluorescence	   decay	   curves	   collected	   at	   emission	  
wavelengths	  spanning	  from	  520nm	  to	  680nm	  in	  20nm	  steps	  using	  5MHz	  excitation	  pulses	  at	  450nm	  
(the	  curves	  have	  been	  stacked	  for	  clarity).	  
	  
Figure	  103	  -­‐	  Decay	  curves	  collected	  from	  bulk	  diamond	  excited	  with	  450	  nm	  light	  at	  emission	  wavelengths	  spanning	  
520nm	  to	  680nm	  
The	   data	   demonstrate	   a	   large	   lifetime	   variation	   across	   the	   emission	   wavelengths	   measured.	   The	  
data	  were	  fitted	  using	  a	  maximum	  likelihood	  algorithm	  in	  FLIMfit	  using	  a	  double	  exponential	  decay	  
model	  with	  fixed	  lifetimes	  of	  20	  ns	  and	  3.2	  ns	  respectively.	  These	  components	  were	  determined	  by	  
independently	  fitting	  the	  decays	  associated	  with	  emission	  at	  520	  nm	  and	  680	  nm	  respectively	  with	  
mono-­‐exponential	  decay	  models,	  with	  the	  520	  nm	  emission	  being	  well	  fitted	  with	  a	  lifetime	  of	  3.2	  ns	  
and	   the	   680	   nm	  emission	   being	  well	   fitted	  with	   a	   lifetime	  of	   20	   ns.	   The	  weighted	  mean	   lifetimes	  
calculated	  at	  each	  emission	  wavelength	  are	  shown	  in	  Figure	  104.	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Figure	  104	  -­‐	  Weighted	  mean	  lifetimes	  of	  CVD	  diamond	  excited	  at	  485	  nm	  with	  spectrally	  resolved	  emission	  over	  the	  
range	  520	  –	  680	  nm	  
At	  520	  nm	  the	  decay	   is	  almost	  completely	  singly	  exponential	  with	  a	  weighted	  mean	  lifetime	  of	  3.5	  
ns.	   As	   the	   emission	   wavelength	   increases,	   the	   longer	   component	   of	   20	   ns	   gradually	   becomes	  
dominant	   with	   the	   decay	   680	   nm	   nearly	   completely	   singly	   exponential	   with	   a	   weighted	   mean	  
lifetime	  of	  19.9	  ns.	  It	  is	  likely	  that	  the	  decays	  include	  contributions	  from	  two	  separate	  fluorophores	  
that	  can	  be	  described	  separately	  with	  mono-­‐exponential	  decays.	  The	  long	  component	  is	  likely	  due	  to	  
the	   neutrally	   charged	   nitrogen	   vacancy	   [206].	   The	   short	   component	   could	   be	   the	   467	   nm	   centre	  
[205]	  or	  the	  532	  nm	  centre	  [208]	  as	  described	  previously.	  
5.9 Conclusions	  and	  Outlook	  
This	  chapter	  has	  provided	  a	  general	  overview	  of	  diamond.	  The	  material	  properties	  of	  diamond	  have	  
been	   discussed	   and	   some	   of	   the	   potential	   industrial	   applications	   that	   these	   properties	   lend	  
themselves	  to	  have	  been	  introduced.	  The	  history	  of	  diamond	  synthesis	  has	  been	  described	  and	  the	  
need	  for	  precise	  control	  of	  the	  growth	  environments	  of	  industrial	  diamonds	  for	  specific	  applications	  
has	  been	  highlighted.	  
Common	  defects	  in	  diamond	  have	  been	  reviewed	  including	  the	  ubiquitous	  nitrogen	  impurity,	  which	  
leads	   to	   the	   diamond	   classification	   system.	   Photoluminescent	   defects	   in	   diamond	   have	   been	  
introduced	   separately	   and	   the	   nitrogen	   vacancy	   defect	   has	   been	   described	   in	   detail	   due	   to	   its	  
prevalence	   in	   the	   literature	   and	   its	   abundance	   in	  many	   of	   the	   diamond	   samples	   used	   during	   the	  
experiments	  described	  in	  this	  thesis.	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Growth	   structures	   specific	   to	   nitrogen	   doped	   CVD	   diamond	   known	   as	   “striations”	   have	   been	  
introduced	  and	  the	  use	  of	  confocal	  microscopy	  to	  study	  these	  structures	  has	  been	  demonstrated.	  It	  
has	   further	   been	   shown	   that	   the	   optical	   resolution	   offered	   by	   confocal	   microscopy	   can	   be	  
insufficient	  when	  studying	  growth	  structures	  in	  diamond	  and	  that	  this	  can	  be	  overcome	  with	  the	  use	  
of	  STED	  microscopy.	  
Fluorescence	   lifetime	   imaging	   has	   been	   demonstrated	   with	   striking	   lifetime	   contrast	   seen	   at	  
interfaces	   in	   CVD	  diamonds.	   Future	   fluorescence	   lifetime	   imaging	   should	   be	   combined	  with	   other	  
spectroscopic	   techniques	   in	   order	   to	   understand	   the	   origins	   of	   these	   effects.	   The	   FLIM	   data	  
presented	  in	  this	  chapter	  were	  acquired	  in	  nitrogen	  doped	  CVD	  diamonds	  using	  an	  instrument	  that	  
was	   optimized	   for	   the	   study	   of	   NV-­‐	   centres.	   Future	   studies	   could	   involve	   the	   development	   of	   a	  
multispectral	   instrument	   incorporating	  a	  supercontinuum	  laser	  source	  and	  a	  selection	  of	   filter	  sets	  
to	   allow	   fluorescence	   lifetime	   imaging	   of	   a	   broad	   range	   of	   diamond	   colour	   centres.	   Such	   an	  
instrument	  could	  be	  applied	   to	  diamonds	  of	  various	  origins	  and	  could,	   for	   instance,	  allow	  detailed	  
studies	  of	  the	  effects	  of	  heat	  treatments	  used	  to	  improve	  the	  colour	  of	  gemstones.	  
The	   bulk	   lifetime	   measurements	   presented	   in	   this	   chapter	   have	   showcased	   the	   value	   of	  
multispectral	   lifetime	   measurements.	   Further	   measurements	   should	   take	   full	   advantage	   of	   the	  
flexibility	   of	   the	   instrument.	   Commonly,	   luminescence	   of	   diamond	   is	   studied	   at	   cryogenic	  
temperatures	   with	   the	   advantage	   of	   increased	   brightness	   and	   reduced	   thermal	   broadening	   of	  
fluorescent	  lines.	  Spectral	  separation	  of	  fluorescent	  lines	  is	  important	  if	  fluorescence	  from	  a	  specific	  
waveband	  is	  to	  be	  attributed	  to	  a	  particular	  defect.	  It	  has	  also	  known	  that	  the	  lifetime	  of	  fluorescent	  
defect	   can	   vary	   significantly	   with	   temperature	   [145],	   [208].	   The	   instrument	   used	   here	   for	   bulk	  
lifetime	   measurements	   would	   clearly	   benefit	   from	   added	   capability	   to	   perform	   low	   temperature	  
experiments.	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Chapter	  6. Nanoparticle	  Assisted	  STED	  Microscopy	  
Metal	   nanoparticles	   (NPs)	   are	   promising	   candidates	   for	   a	   wide	   variety	   of	   applications	   including	  
surface-­‐enhanced	   fluorescence	   (SEF),	   surface-­‐enhanced	   Raman	   scattering	   (SERS),	   plasmonic	   solar	  
cells	  and	  nanomedicine	  [210].	  In	  fluorescence	  microscopy	  low	  quantum	  efficiency	  fluorophores	  can	  
have	  their	  excitation	  and	  emission	  rates	  greatly	  enhanced	  with	  the	  use	  of	  metal	  NPs,	  representing	  a	  
significant	   gain	   in	   fluorescence	   signal.	   Furthermore,	   metal	   NPs	   facilitate	   the	   concentration	   of	  
electromagnetic	  fields	  into	  sub-­‐wavelength	  volumes,	  thereby	  challenging	  the	  diffraction	  limit.	  Metal	  
NPs	  could	  in	  principle	  also	  improve	  the	  photostability	  of	  fluorophores	  e.g.	  by	  enhancement	  of	  triplet	  
state	  decay	  rates	  [211].	  
This	   chapter	   introduces	   the	   basic	   concepts	   of	   metal	   nanoparticle	   plasmonics	   for	   fluorescence	  
microscopy	  in	  general	  before	  describing	   its	  potential	  application	  to	  STED	  microscopy.	  Experimental	  
details	   and	   results	   are	   then	   presented	   for	   a	   study	   that	   provides	   experimental	   evidence	   that	   the	  
addition	  of	  plasmonic	  resonators	  to	  fluorescent	  nanoparticles	  can	  reduce	  the	  intensity	  requirements	  
of	  STED	  microscopy,	  here	  by	  a	  factor	  of	  approximately	  4.	  The	  chapter	  is	  structured	  as	  follows.	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6.1 Metal	  Nanoparticle	  Plasmonics	  
The	   optical	   properties	   of	   noble	   metals,	   such	   as	   gold	   and	   silver,	   are	   mainly	   dictated	   by	   coherent	  
oscillations	   of	   conduction	   band	   electrons,	   referred	   to	   as	   plasmons	   [212],	   [213].	   In	  metal	   NPs	   the	  
coherent	   oscillations	   can	   be	   driven	   resonantly	   by	   incident	   electric	   fields	   at	   optical	   wavelengths,	  
giving	   rise	   to	   localized	  surface	  plasmon	  resonances	   (LSPRs)	  on	   the	  closed	  surfaces	  of	   the	  particles.	  
LSPRs	  are	   responsible	   for	  many	   striking	  phenomena	   such	  as	   strong	  absorption	  of	   light,	  directional	  
scattering	  of	  light	  by	  the	  NP	  and	  strong	  localisation	  of	  the	  electromagnetic	  field	  into	  volumes	  below	  
the	  diffraction	  limit	  [214].	  Local	  enhancement	  of	  electromagnetic	  fields	  has	  found	  use	  in	  increasing	  
the	   efficiencies	   of	   otherwise	  weak	   processes	   such	   as	   Raman	   scattering	   [215],	   SHG	   [216]	   and	   THG	  
[217].	  
Metal	  NPs	  can	  also	  be	  used	  as	  nanoantennas	  whereby	  they	  couple	  light	  from	  the	  far	  field	  to	  the	  near	  
field	  and	  vice-­‐versa	  [210].	  Remarkably,	  when	  metal	  NPs	  are	  driven	  under	  resonant	  conditions,	  their	  
scattering	  cross-­‐section	  can	  be	  much	  larger	  than	  their	  physical	  cross-­‐section,	  which	  allows	  them	  to	  
efficiently	   capture	   light	   and	   concentrate	   it	   in	   the	   immediate	   vicinity	   of	   the	   NP	   [218].	   LSPRs	   in	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nanoantennas	   can	  also	   couple	   to	  electromagnetic	   fields	   radiated	  by	   fluorophores	   close	   to	   the	  NP,	  
resulting	   in	   strong	   modification	   of	   the	   radiative	   properties	   of	   the	   fluorophore.	   For	   instance,	   an	  
increase	  in	  quantum	  yield	  by	  a	  factor	  of	  nine	  has	  been	  demonstrated	  in	  an	  organic	  dye	  via	  plasmonic	  
enhancement	   of	   its	   absorption	   and	   emission	   rates	   [219].	   By	   varying	   the	   geometry	   and	   material	  
properties	  of	  NPs	  it	  is	  possible	  to	  tune	  the	  spectral	  position	  of	  LSPRs	  to	  suit	  a	  particular	  application.	  
6.2 Plasmon	  Enhanced	  STED	  Microscopy	  
The	  goal	  of	  the	  work	  described	  in	  this	  chapter	  is	  to	  use	  the	  local	  electromagnetic	  field	  enhancement	  
offered	  by	  LSPRs	  in	  metal	  NPs	  to	  reduce	  the	  laser	  power	  requirements	  of	  STED	  microscopy.	  To	  this	  
end,	  it	  was	  proposed	  to	  use	  hybrid	  labels	  consisting	  of	  a	  fluorescent	  core	  surrounded	  by	  a	  plasmonic	  
resonator	  [211],	  [220],	  [221].	  
As	  described	  in	  Chapter	  2,	  the	  resolution	  scaling  Δ𝑟	  of	  a	  STED	  microscope	  can	  be	  described	  as	  
Δ𝑟 ∝ 11 + 𝐼!"#$𝐼!"#   	   	   (60)	  
For	   a	   fixed	   saturation	   intensity,	   𝐼!"#,	   the	   resolution	   of	   the	   system	   is	   increased	   by	   increasing	   the	  
intensity	   of	   the	   depletion	   beam,	   𝐼!"#$.	   In	   previous	   publications	   [211],	   [220]	   it	   was	   predicted	  
theoretically	  that,	  if	  the	  emitters	  are	  combined	  with	  a	  plasmonic	  cavity,	  then	  the	  resolution	  scaling	  
in	  a	  STED	  microscope	  is	  modified	  to	  become	  
Δ𝑟!"!!"#$ ∝ 11 + Γ! 𝐼!"#$𝐼!"# 	   	   (61)	  
	  where	  Γ!	   is	  the	  ratio	  of	  the	  average	  intensity	  enhancement	  provided	  by	  the	  plasmon	  resonance	  at	  
the	  STED	  wavelength	  over	  the	  enhancement	  of	  decay	  rate	  of	  the	  dye	  [220].	   In	  this	  application	  it	   is	  
crucial	   to	   avoid	   modification	   of	   the	   fluorescence	   properties	   of	   the	   emitter	   used	   i.e.	  
absorption/emission	   spectra	   and	   fluorescence	   lifetime.	   In	   particular,	   a	   decrease	   in	   fluorescence	  
lifetime	  of	  the	  dye	  used	  would	  directly	  increase	  its	  saturation	  intensity,	  𝐼!"#,	  counteracting	  any	  gains	  
made	  by	   local	   field	  enhancement	   [211].	  For	   this	   reason	  the	  geometry	  and	  material	  of	   the	  NPs	  are	  
carefully	  chosen	  such	  that	  the	  resultant	  plasmonic	  resonance	  is	  tuned	  to	  overlap	  with	  the	  tail	  at	  the	  
red	   edge	   of	   the	   emission	   spectrum	   of	   the	   dye.	   This	   ensures	   that	   the	   field	   enhancement	   at	   the	  
detected	  emission	  wavelength	  is	  minimised.	  This	   is	  directly	   in	  line	  with	  standard	  STED	  experiments	  
where	  the	  depletion	  wavelength	  is	  tuned	  to	  the	  red	  edge	  of	  the	  emission	  spectrum	  of	  the	  dye	  such	  
that	   the	  majority	  of	   the	  emission	   spectrum	   is	   reserved	   for	  detection	  of	   fluorescence	  signal	  and	   to	  
avoid	  direct	  excitation	  of	  the	  fluorophore	  by	  the	  depletion	  beam.	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The	  plasmonic	  cavity	  is	  then	  responsible	  for	  the	  enhancement	  factor,	  Γ!,	  whereby	  the	  local	  electric	  
field	  at	  the	  wavelength	  of	  the	  depletion	  beam	  is	  enhanced	  such	  that	  depletion	  intensity	  experienced	  
by	  the	  fluorophore	  is	  much	  higher	  for	  a	  given	  incident	  laser	  power	  than	  is	  seen	  in	  the	  absence	  of	  the	  
plasmonic	  cavity.	  This	  increase	  in	  intensity	  leads	  to	  a	  more	  complete	  silencing	  of	  fluorescence,	  which	  
in	   turn	   leads	   to	  higher	   resolution	  STED	   imaging	   for	   the	   same	   laser	  power.	  The	   introduction	  of	   the	  
enhancement	   factor,	   Γ!,	   has	   the	   same	   effect	   as	   reducing	   the	   saturation	   intensity,	   𝐼!"#,	   of	   the	  
fluorophore.	   A	   similar	   concept	   has	   been	   proposed	   as	   a	   means	   to	   facilitate	   stimulated	   emission	  
depletion	   in	   a	   wide-­‐field	   configuration	   to	   perform	   super-­‐resolution	   imaging	   using	   the	   structured	  
illumination	  principle	  [222].	  So	  far,	  this	  principle	  has	  not	  been	  experimentally	  realised.	  Furthermore,	  
in	  the	  configuration	  suggested	  it	   is	  hard	  to	  see	  how	  it	  could	  be	  extended	  to	  allow	  3D	  imaging.	  The	  
work	  described	  in	  this	  chapter	  provides	  experimental	  evidence	  that	  plasmon	  enhanced	  STED	  labels	  
can	   be	   used	   to	   carry	   out	   STED	   imaging	   using	   depletion	   intensities	   four	   times	   lower	   than	   that	  
required	  for	  the	  same	  fluorescent	  label	  in	  the	  absence	  of	  a	  plasmonic	  resonator.	  
6.3 Experimental	  details	  and	  results	  
6.3.1 Nanoparticle	  structure	  and	  characterisation	  
The	   nanoparticles	   designed	   for	   these	   experiments	   form	   a	   core-­‐shell	   architecture.	   A	   spherical	  
dielectric	  core	  formed	  of	  silica	  doped	  with	  fluorescent	  ATTO647N	  dye	  molecules	  (ATTO-­‐TEC,	  GmbH,	  
Germany)	  was	   chemically	   grown	   in	  an	  aqueous	   colloidal	   solution	   (Hybrid	  Silica	  Technologies)	   [16].	  
The	  average	  number	  of	  dye	  molecules	  was	  25,	  as	  estimated	  by	  the	  manufacturer.	  A	  stock	  solution	  of	  
these	  dielectric	  cores	  was	  reserved	  for	  use	  in	  control	  experiments.	  Gold	  shells	  were	  then	  grown	  on	  
the	  outside	  of	  the	  remaining	  silica	  cores	  to	  form	  the	  plasmonic	  resonator	  (Nanocomposix).	  This	  core-­‐
shell	  configuration	  is	  well	  understood	  and	  tuning	  of	  the	  spectral	  position	  of	  the	  plasmon	  resonance	  
proceeds	  by	  varying	   the	  geometry	  of	   the	   spherical	  metallic	   shell.	   Increasing	   the	   inner	  diameter	  of	  
the	  shell	  causes	  the	  resonance	  to	  shift	  further	  into	  the	  red,	  while	  increasing	  the	  shell	  thickness	  shifts	  
the	   resonance	   towards	   the	  blue	  end	  of	   the	   spectrum	   [223].	  A	   further	   advantage	  of	   the	   core-­‐shell	  
configuration	   is	   that	   the	   fluorophores	   contained	  within	   the	   dielectric	   core	   experience	   a	   relatively	  
homogenous	  field	  enhancement	  regardless	  of	  their	  position	  within	  the	  core	  and	  independent	  of	  the	  
position	  of	  the	  NP	  relative	  to	  the	  incident	  depletion	  beam	  [224].	  To	  ensure	  the	  LSPRs	  were	  spectrally	  
overlapped	  with	   the	   780	   nm	  depletion	   beam	  used	   in	   this	   experiment,	   the	   radius	   of	   the	   dielectric	  
core,	  𝑟!"#$,	  was	   chosen	   to	  be	  60	  nm	  and	   the	   thickness	  of	   the	  gold	   shell	  was	  chosen	   to	  be	  20	  nm.	  
Figure	   105	   (a)	   presents	   a	   transmission	   electron	  microscope	   image	   of	   a	   sample	   of	   the	   core–shells	  
used.	   The	   graph	   presented	   in	   Figure	   105	   (b)	   illustrates	   the	   emission	   curve	   of	   the	   ATTO647N	   dye	  
molecules	   (red	   curve)	   and	   the	   scattering	   cross-­‐sections	   of	   a	   selection	   of	   individual	   core-­‐shell	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particles	   (grey	   curves)	   measured	   using	   dark-­‐field	   microscopy,	   as	   described	   in	   [225].	   The	   spectral	  
position	   of	   the	   plasmon	   resonance	   of	   each	   NP	   is	   indicated	   by	   the	   peak	   of	   the	   scattering	   cross	  
section.	  The	  slight	  particle-­‐to-­‐particle	  variation	  in	  the	  spectral	  position	  of	  the	  LSPRs	  is	  explained	  by	  
the	   slight	   variations	   in	   the	   final	   geometries	   in	   the	   individual	   particles.	   It	   can	   be	   seen	   that,	   in	   the	  
particles	  measured,	  the	  LSPRs	  are	  matched	  to	  the	  tail	  at	  the	  red	  edge	  of	  the	  emission	  spectrum	  of	  
the	  ATTO647N	  dye,	  thereby	  minimising	  the	  impact	  of	  the	  plasmonic	  resonator	  on	  the	  fluorescence	  
lifetime	   of	   the	   dye	   and	   ensuring	   that	   the	   field	   enhancement	   occurs	   mainly	   at	   the	   depletion	  
wavelength	  (780	  nm).	  Despite	  these	  design	  considerations,	  any	  dye	  molecules	  situated	  within	  ~5	  nm	  
of	   the	   gold	   resonator	   will	   experience	   quenching	   of	   their	   fluorescence	   (and	   thus	   a	   reduction	   in	  
fluorescence	   lifetime).	   However,	   the	   majority	   of	   the	   dye	   molecules	   shall	   be	   situated	   within	   the	  
dielectric	  core,	  away	  from	  the	  metal	  resonator	  and	  will	  not	  be	  quenched.	  
	  
Figure	  105	   -­‐	   (a)	   Transmission	  electron	  microscopy	   image	  of	   the	   core-­‐shell	   architecture	  NPs	   formed	  of	   a	  60	  nm	   radius	  
silica	  core	  doped	  with	  ATTO647N	  dye	  molecules	  coated	  with	  a	  20	  nm	  thick	  gold	  shell.	  Inset:	  illustration	  of	  a	  core–shell	  
NP.	  (b)	  fluorescence	  emission	  spectrum	  of	  the	  core-­‐shell	  NPs	  (red	  curve),	  corresponding	  to	  the	  typical	  emission	  of	  the	  
ATTO	  647N	  dye.	  Scattering	  spectra	  of	  five	  single	  NPs	  (grey	  curves)	  measured	  using	  dark	  field	  microspectroscopy	  [225].	  
Reprinted	  (adapted)	  with	  permission	  from	  [226].	  Copyright	  (2014)	  American	  Chemical	  Society.	  
Samples	  were	  prepared	  for	  imaging	  by	  drop-­‐casting	  the	  solutions	  onto	  coverslips	  and	  allowing	  them	  
to	  dry.	  The	  coverslips	  were	   then	  mounted	  onto	  microscope	  slides	  with	  Leica	  Type	  F	   immersion	  oil	  
used	  as	  the	  mounting	  medium	  (refractive	  index	  𝑛   =   1.518).	  	  
6.3.2 STED	  imaging	  of	  nanoparticles	  
Time-­‐gated	   STED	   imaging	  was	   performed	   using	   the	   system	   described	   in	   Chapter	   3.	   To	   assess	   the	  
performance	  of	  the	  core-­‐shell	  NPs,	  a	  field	  of	  view	  was	  chosen	  to	  ensure	  that	  aggregates	  of	  NPs	  were	  
excluded.	  A	  confocal	  image	  of	  one	  or	  several	  NPs	  was	  then	  recorded,	  followed	  by	  a	  STED	  image.	  The	  
photon	   arrival	   times	   in	   each	   pixel	   of	   the	   STED	   images	   were	   recorded	   using	   TCSPC.	   Figure	   106	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presents	   an	   example	   data	   set	   taken	   using	   a	   single,	   isolated	   core-­‐shell	   NP.	   The	   confocal	   image	   is	  
shown	  in	  (b),	  while	  (c)	  shows	  a	  raw	  STED	  image	  where	  the	  incident	  STED	  intensity	  was	  2.3	  MW.cm-­‐2.	  
There	   is	  an	  obvious	  “halo”	  evident	   in	  the	  raw	  STED	  image	  that	   is	  not	  present	   in	  the	  corresponding	  
confocal	   image.	   The	   photon	   arrival	   histogram	   formed	   by	   binning	   all	   pixels	   of	   the	   STED	   image	   in	  
Figure	   106	   (c)	   is	   shown	   in	   Figure	   106	   (a).	   Prominent	   peaks	   corresponding	   to	   the	   arrival	   of	   the	  
excitation	  and	  subsequent	  depletion	  pulse	  can	  clearly	  be	  seen	  at	  the	  beginning	  of	  the	  fluorescence	  
decay.	  The	  large	  peak	  corresponding	  to	  the	  depletion	  pulse	  is	  an	  unwanted	  background	  fluorescence	  
signal	  generated	  by	  the	  STED	  beam	  and	  is	  responsible	  for	  the	  halo	  seen	  in	  the	  raw	  STED	  image.	  The	  
sharp	   peak	   indicates	   that	   the	   background	   fluorescence	   has	   a	   short	   lifetime.	   The	   subsequent	  
fluorescence	  decay	   indicated	  by	  the	  dashed	  black	   line	   is	  mainly	  attributable	  to	  the	  fluorescence	  of	  
the	  ATTO647N	  dye	  molecules.	  To	  investigate	  the	  source	  of	  the	  background	  luminescence	  generated	  
by	   the	  depletion	  beam	  alone,	   the	   spectrum	  of	   the	   luminescence	   transmitted	  by	   the	  dichroics	   and	  
emission	   filter	   of	   the	   system	  was	   recorded	  using	   a	   cooled	   spectrometer	   (Ocean	  Optics,	  QE65000)	  
and	  compared	  with	   the	   luminescence	  generated	  by	   the	  excitation	  beam	  alone.	  These	   two	  spectra	  
are	  shown	   in	   the	   inset	   to	  Figure	  106(a),	  where	  the	  red	  curve	  represents	   the	  spectrum	  recorded	   in	  
the	  presence	  of	  the	  excitation	  beam	  only	  and	  the	  black	  curve	  represents	  the	  spectrum	  recorded	  in	  
the	   presence	   of	   the	   depletion	   beam	   only.	   The	   red	   curve	  matches	   well	   to	   the	   expected	   emission	  
spectrum	  of	  the	  ATTO647N	  dye	  after	  it	  has	  been	  transmitted	  by	  the	  system	  dichroics	  and	  emission	  
filter.	   The	   black	   curve,	   on	   the	   other	   hand,	   indicates	   that	   the	   luminescence	   generated	   by	   the	  
depletion	  beam	  is	  broadband	  in	  nature	  and	  cannot	  be	  attributed	  to	  excitation	  of	  the	  ATTO647N	  dye.	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Figure	  106	  –	  (a)	  fluorescence	  lifetime	  curve	  measured	  from	  a	  single	  NP,	  the	  dashed	  black	  line	  indicates	  the	  decay	  of	  the	  
ATTO647N	  dye,	  inset:	  filtered	  emission	  spectra	  obtained	  from	  core-­‐shell	  NPs	  in	  the	  presence	  of	  excitation	  beam	  only	  
(red)	  and	  depletion	  beam	  only	  (black),	  where	  the	  spectra	  have	  been	  normalized	  to	  allow	  easy	  comparison.	  (b)	  Confocal	  
image	  of	  core-­‐shell	  NP.	  (c)	  Raw	  STED	  image	  of	  the	  same	  core-­‐shell	  NP	  shown	  in	  (b),	  acquired	  with	  a	  STED	  power	  density	  
at	  the	  focal	  plane	  of	  2.3	  MW.cm-­‐2.	  (d)	  Time-­‐gated	  STED	  image	  of	  the	  NP,	  including	  only	  photons	  that	  arrive	  after	  the	  
action	  of	  the	  depletion	  beam	  is	  finished.	  In	  (b),	  (c),	  and	  (d)	  the	  scale	  bars	  represent	  300	  nm.	  (e)	  Plot	  of	  horizontal	  line	  
profiles	  taken	  across	  through	  the	  centre	  of	  the	  NPs	  in	  the	  confocal	  image	  (red	  curve)	  and	  time-­‐gated	  STED	  image	  (black	  
curve)	  images.	  The	  line	  profiles	  are	  normalized.	  Reprinted	  (adapted)	  with	  permission	  from	  [226].	  Copyright	  (2014)	  
American	  Chemical	  Society.	  
Further	   investigation	   was	   carried	   out	   by	   measuring	   the	   power	   dependence	   of	   the	   luminescence	  
signal.	  The	  depletion	  beam	  was	   focused	  to	  a	   regular	  Gaussian	  PSF	  and	  the	  beam	  was	  parked	  on	  a	  
single	  core-­‐shell	  NP.	  The	  resultant	  luminescence	  was	  then	  integrated	  for	  200	  seconds	  for	  a	  range	  of	  
depletion	   beam	   powers.	   The	   relationship	   between	   the	   luminescence	   intensity	   and	   incident	  
depletion	   beam	   intensity	   was	   found	   to	   be	   quadratic	   in	   nature	   as	   shown	   by	   the	   plot	   of	   photons	  
counts	  against	  laser	  power	  shown	  below	  in	  Figure	  107.	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Figure	  107	  -­‐	  Background	  luminescence	  (black	  dots)	  generated	  by	  depletion	  beam	  alone	  as	  a	  function	  of	  incident	  laser	  
power	  (µW)	  and	  associated	  power	  law	  fit	  to	  the	  form	  𝐟 𝐱 = 𝐀𝐱𝐁	  (red	  line),	  with	  the	  fit	  returning	  the	  value	  𝐁 =  𝟏.𝟗𝟗𝟐   ± 𝟎.𝟐𝟖.	  
The	   fit	   in	   Figure	   107	   was	   produced	   using	   a	   function	   of	   the	   form	   𝑓 𝑥 = 𝐴𝑥!,	   with	   the	   fitting	  
procedure	  returning	  a	  value	  of	  𝐵 = 1.992   ± 0.28.	  This	  indicates	  that	  the	  background	  luminescence	  
is	   probably	   the	   result	   of	   a	   two-­‐photon	   process.	   The	   broadband	   nature	   and	   quadratic	   power	  
dependence	  of	  the	  luminescence	  indicates	  that	  it	  may	  be	  the	  result	  of	  two-­‐photon	  absorption	  by	  the	  
gold	  resonator	  [227],	  [228].	  
Since	   the	   background	   luminescence	   decays	   much	   more	   quickly	   than	   the	   luminescence	   from	   the	  
ATTO647N,	  there	  is	  the	  opportunity	  to	  time-­‐gate	  the	  data	  in	  order	  to	  minimise	  the	  contribution	  of	  
the	   background	   halo	   in	   the	   final	   image.	   Figure	   106	   (d)	   shows	   the	   same	   field	   of	   view	   as	   shown	   in	  
Figure	  106	  (c),	  but	   including	  only	  photons	  that	  have	  arrived	  after	  the	  action	  of	  depletion	  pulse	  has	  
finished.	  All	  STED	   images	  of	   the	  core-­‐shell	  NPs	  were	  time-­‐gated	   in	  this	  manner	  before	  comparison	  
with	   the	  corresponding	   raw	  confocal	   images.	  To	  estimate	   the	  resolution	   improvement	  obtained	   in	  
each	  STED	   image	  of	   the	  core-­‐shell	  NPs,	   the	   time-­‐gating	  procedure	  was	  applied	  and	  horizontal	   line	  
profiles	  were	  taken	  through	  the	  centres	  of	  the	  spots	  corresponding	  to	  the	  NPs.	  The	  line	  profiles	  were	  
then	  fitted	  using	  a	  Gaussian	  model	  and	  the	  FWHM	  of	  the	  fit	  was	  extracted	  and	  used	  as	  an	  indicator	  
of	   the	  resolution	  achieved.	  These	  values	  were	  then	  compared	  with	   the	  FWHMs	  of	  Gaussian	   fits	  of	  
line	  profiles	  taken	  through	  the	  corresponding	  spots	  in	  the	  raw	  confocal	  images	  and	  the	  percentage	  
resolution	  improvement,	  𝜒,	  was	  calculated	  as	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𝜒 = 100 ∙ 1 −𝑊!"#$𝑊!"#$ 	   	   (62)	  
where	  𝑊!"#$	  is	  the	  resolution	  (FWHM)	  obtained	  from	  the	  time-­‐gated	  STED	  images	  and	  𝑊!"#$	  is	  the	  
resolution	  (FWHM)	  obtained	  in	  the	  raw	  confocal	  images.	  A	  similar	  data	  set	  was	  acquired	  for	  the	  NPs	  
consisting	  of	  the	  dielectric	  core	  only	  (no	  plasmonic	  resonator)	  and	  processed	  in	  the	  same	  way,	  with	  
the	  exception	   that	   time-­‐gating	  was	  not	   applied	   since	  no	  background	   luminescence	   from	   the	   STED	  
beam	  was	  observed.	  
Figure	  108	  shows	  a	  plot	  of	  percentage	  resolution	  improvement	  for	  the	  core-­‐shell	  NPs	  (black	  dotted	  
circles)	  and	  the	  bare	  dielectric	  cores	  (blue	  disks)	  against	  increasing	  depletion	  intensity.	  
	  
Figure	  108	  –	  Percentage	  resolution	  improvement	  obtained	  using	  core–shell	  NPs	  (black	  dotted	  circles)	  and	  bare	  cores	  
(blue	  disks),	  as	  a	  function	  of	  STED	  depletion	  power	  density.	  Least-­‐squares	  fits	  to	  the	  core-­‐shell	  data	  (green	  dashed	  line)	  
and	  the	  bare-­‐cores	  data	  (red	  dashed	  line)	  as	  described	  in	  the	  text.	  Reprinted	  (adapted)	  with	  permission	  from	  [226].	  
Copyright	  (2014)	  American	  Chemical	  Society.	  
It	  is	  apparent	  that,	  at	  low	  intensities,	  the	  resolution	  improvement	  obtained	  with	  core-­‐shell	  NPs	  rises	  
much	  more	   quickly	  with	   increasing	   STED	   intensity	   than	  with	   the	   bare	   core	   particles.	   However,	   at	  
depletion	   intensities	  above	  approximately	  3.5	  MW/cm2	   it	  was	  observed	  that	  all	  core-­‐shell	  particles	  
were	  degraded	  or	  destroyed	  and	  thus	  no	  measurement	  of	  resolution	  could	  be	  obtained.	   It	   is	   likely	  
that	   this	   damage	   is	   caused	   by	   significant	   resistive	   heating	   of	   the	   gold	   resonator	   by	   the	   incident	  
depletion	  beam.	  Utilising	  resistive	  heating	  of	  plasmonic	  NPs	  has	  been	  suggested	  as	  a	  technique	  for	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the	  targeted	  destruction	  of	  cancer	  cells	  [229].	  The	  bare	  dielectric	  cores,	  on	  the	  other	  hand,	  showed	  
no	  signs	  of	  damage	  and	  were	  successfully	   imaged	  up	  to	  a	  maximum	  STED	  intensity	  of	  ~7	  MW/cm2	  
where	  a	  resolution	  improvement	  of	  ~60%	  was	  obtained,	  corresponding	  to	  a	  spatial	  resolution	  close	  
to	  the	  actual	  size	  of	  the	  particles.	  
The	  dashed	  lines	  in	  Figure	  107	  are	  fits	  to	  the	  data	  following	  the	  form	  shown	  in	  equation	  (61).	  For	  the	  
bare	  dielectric	   cores,	   there	   is	  no	  enhancement	   factor	  due	   to	   the	   lack	  of	   any	  plasmonic	   resonator,	  
therefore	  Γ! = 1.	  For	  the	  bare	  dielectric	  cores	  the	  fit	  returned	  the	  value	  0.056	  ±	  0.004	  MW-­‐1cm2	  for	  
the	   parameter	   1/𝐼!"#.	   For	   the	   core-­‐shell	   NPs	   the	   fit	   to	   the	   data	   returned	   the	   value	  	  
0.21	   ±	   0.03	   MW-­‐1cm2	   for	   the	   parameter	   Γ!/𝐼!"#.	   The	   enhancement	   factor	   provided	   by	   the	   gold	  
resonators	  is	  thus	  calculated	  to	  be	  Γ! = 3.8 ± 0.8.	   In	  other	  words,	  the	  depletion	  intensity	  required	  
to	  achieve	  a	  certain	  STED	  resolution	  is	  4	  times	  lower	  with	  the	  addition	  of	  the	  plasmonic	  resonators.	  
6.4 Conclusion	  
This	  chapter	  has	  presented	  the	  first	  experimental	  evidence	  that	  the	  addition	  of	  plasmonic	  resonators	  
to	  fluorescent	  nanoparticles	  can	  reduce	  the	  intensity	  requirements	  of	  STED	  microscopy	  –	  here	  by	  a	  
factor	   of	   approximately	   4,	   thus	   validating	   the	   concept	   of	  NP-­‐STED	   introduced	   in	   references	   [211],	  
[220].	   The	   experiments	   described	   here	   also	   highlighted	   the	   issue	   of	   resistive	   heating	   of	   the	  
plasmonic	   resonators	   and	   background	   signal	   generated	   by	   the	   depletion	   beam.	   This	   should	   be	  
addressed	  in	  further	  studies.	  For	  example,	  the	  use	  of	  fast	  scanning	  may	  help	  to	  alleviate	  the	  issue	  by	  
limiting	   the	   instantaneous	   exposure	   of	   the	   NPs	   to	   the	   depletion	   beam	   [230].	   Similarly,	   lower	  
repetition	   rate	   laser	   sources	   may	   also	   help	   reduce	   the	   heating	   of	   the	   NPs.	   The	   source	   of	   the	  
background	  luminescence	  generated	  by	  the	  depletion	  beam	  has	  been	  speculated	  to	  be	  two-­‐photon	  
absorption	   by	   the	   gold	   resonator.	   However,	   further	   investigation	   is	   required	   to	   confirm	   this.	  
Although	   in	   these	  studies	   the	  background	  was	  mitigated	  using	  a	   time-­‐gating	  strategy,	   the	  use	  of	  a	  
CW	  depletion	  beam	  may	  reduce	  or	  eliminate	  this	   issue	  by	  reducing	  the	  peak	   intensity	  experienced	  
by	   the	   NPs.	   Obviously,	   the	   dimensions	   of	   the	   NPs	   used	   in	   these	   experiments	   are	   too	   large	   for	  
practical	  super-­‐resolution	  imaging	  and	  so	  a	  priority	  for	  future	  studies	  should	  be	  to	  reduce	  the	  size	  of	  
the	  NPs.	  Further	  work	  may	  also	  include	  attempts	  to	  mitigate	  photobleaching	  by	  enhancement	  of	  the	  
triplet	   state	  decay	   rate	  of	   the	   fluorophores,	   as	   suggested	   in	   [211].	   If	   the	  NP-­‐STED	   concept	   can	  be	  
fully	  realised	  then	  the	  potential	  benefits	  may	  include	  cost	  benefits	  due	  to	  the	  reduced	  requirement	  
for	  high	  power	  pulsed	  laser	  sources,	  reduced	  sample	  exposure,	  reduced	  photobleaching	  and	  better	  
resolution.	   Finally,	   the	  NP-­‐STED	  concept	   could	   lend	   itself	  well	   to	  parallelised	  STED	  microscopy,	   for	  
which	   reaching	   the	   high	   power	   densities	   required	   for	   depletion	   in	   a	   wide-­‐field	   modality	   is	  
challenging	  [77].	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Chapter	  7. Further	  Development	  of	  3D-­‐STED	  Microscopy	  
This	  chapter	  describes	  exploratory	  projects	  undertaken	  in	  the	  latter	  part	  of	  my	  PhD	  project	  that	  are	  
expected	  to	  form	  the	  basis	  for	  future	  work.	  These	  include	  the	  reconfiguration	  of	  the	  3D-­‐STED	  system	  
described	  in	  Chapter	  3	  to	  incorporate	  beam	  scanning	  instead	  of	  stage	  scanning,	  in	  order	  to	  decrease	  
pixel	   dwell	   times	   during	   STED	   imaging	   and	   therefore	   to	   increase	   frame	   rate	   and	   reduce	   sample	  
motion	   artefacts.	   It	   was	   also	   expected	   that	   this	   would	   reduce	   sample	   heating	   and	   mitigate	  
photobleaching	  to	  some	  extent	  by	  reducing	  the	  population	  of	  the	  triplet	  state	  [231].	  We	  can	  further	  
expect	   a	   benefit	   in	   reduced	   resistive	   heating	   of	   plasmonic	   nanoparticles	   compared	   to	   the	   stage	  
scanning	  STED	  microscope.	  This	  chapter	  also	  describes	  the	  design	  of	  a	  STED	  microscope	  for	  super-­‐
resolution	   of	   GFP,	   based	   on	   a	   novel	   pulsed	   Raman	   fibre	   laser	   operating	   at	   560	   nm	   that	   was	  
developed	  in	  the	  Femtosecond	  Optics	  Group,	  Imperial	  College	  London.	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7.1 Design	  of	  beam	  scanning	  3D-­‐STED	  microscope	  
The	  beam	  scanning	  unit	   chosen	   for	   this	   upgrade	  was	   a	   Yanus	   IV	  Digital	   Scan	  Head	   (Till	   Photonics,	  
Munich,	  Germany).	  This	  unit	  incorporates	  two	  galvanometric	  scan	  mirrors	  for	  scanning	  of	  the	  focus	  
in	   the	   lateral	   direction	   at	   the	   focal	   plane	   of	   the	  microscope.	   The	   optical	   design	   of	   the	   scan	   head	  
includes	  a	  combination	  of	  two	  concave	  mirrors	  to	  enable	   imaging	  of	  the	  first	  scan	  mirror	  onto	  the	  
second	   with	   diffraction	   limited	   performance	   over	   the	   full	   scan	   field.	   The	   scan	   control	   unit	   was	  
configured	  such	  that	  scanning	  was	  controlled	  using	  two	  analogue	  voltages	  (one	  for	  each	  mirror).	  
To	  integrate	  this	  scanner	  into	  the	  STED	  system	  described	  in	  Chapter	  4,	  it	  was	  necessary	  to	  design	  an	  
optical	  system	  that	  would	  achieve	  the	  following.	  
• Image	   the	   scan	  mirrors	   into	   the	   pupil	   plane	   of	   the	   objective	   lens	   to	   ensure	   that	   the	   laser	  
beam	  is	  stationary	  on	  the	  pupil	  during	  scanning.	  
• Image	  the	  pupil	  plane	  of	  the	  objective	  lens	  onto	  the	  surface	  of	  the	  SLM	  device	  to	  ensure	  that	  
phase	  profiles	  described	  at	  the	  SLM	  are	  directly	  translated	  to	  the	  phase	  at	  the	  pupil	  plane	  of	  
the	  objective	  lens.	  
• Ensure	   collimation	   of	   the	   depletion	   beam	   at	   the	   rear	   aperture	   of	   the	   objective	   lens	   and	  
magnify	  it	  such	  that	  it	  fills	  the	  entrance	  pupil.	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It	  was	  decided	  to	  implement	  the	  excitation	  and	  imaging	  paths	  through	  the	  non-­‐descanned	  detection	  
port	  of	  the	  Leica	  microscope	  frame	  (DMIRE2).	  The	  pupil	  plane	  of	  the	  objective	  was	  then	  imaged	  onto	  
the	   first	   scan	   mirror	   of	   the	   Yanus	   scan	   head	   using	   a	   combination	   of	   a	   compound	   tube	   lens	   of	  
effective	  focal	  length	  230	  mm,	  consisting	  of	  a	  300	  mm	  focal	  length	  achromatic	  doublet	  (AC508-­‐300-­‐
B-­‐ML,	  Thorlabs)	  and	  a	  1000	  mm	  focal	   length	  plano-­‐convex	  lens	  (LA1779-­‐B,	  Thorlabs)	  together	  with	  
the	   50	  mm	   focal	   length	   scan	   lens	   provided	   with	   the	   scan	   head.	   The	   compound	   tube	   lens	   was	   a	  
custom	  design	   intended	  to	  minimise	   field	  curvature	  and	  chromatic	   focal	   shifts.	  The	   imaging	  of	   the	  
first	  scan	  mirror	  onto	  the	  second	  inside	  the	  scan	  head	  was	  factory	  set	  and	  was	  not	  adjusted	  in	  any	  
way.	  The	  scan	  mirrors	  of	  the	  Yanus	  scan	  head	  were	  then	  imaged	  onto	  the	  surface	  of	  the	  SLM	  using	  
an	  optical	  relay	  consisting	  of	  a	  400	  mm	  focal	  length	  achromatic	  doublet	  (AC254-­‐400-­‐B-­‐ML,	  Thorlabs)	  
and	  a	  500	  mm	  focal	  length	  achromatic	  doublet	  (AC254-­‐500-­‐B-­‐ML,	  Thorlabs).	  
Since	   some	   details	   of	   the	   optical	   design	   of	   the	   Yanus	   IV	   scanner	   are	   proprietary,	   the	   alignment	  
procedure	  required	  some	  consideration.	  The	  objective	  lens	  was	  removed	  and	  a	  target	  consisting	  of	  a	  
piece	   of	   translucent	   lens	   tissue	   was	   placed	   at	   the	   mechanical	   position	   of	   the	   pupil	   plane	   of	   the	  
objective,	   as	   provided	   by	   the	   manufacturer	   (Leica	  Microsystems,	  Wetzlar).	   The	   paper	   target	   was	  
illuminated	  from	  object	  space	  using	  the	  illumination	  column	  of	  the	  Leica	  microscope	  frame	  and	  the	  
compound	   tube	   lens	  was	   placed	   in	   order	   to	   produce	   a	   collimated	   image	  of	   the	   paper	   target.	   The	  
target	  was	   removed	   from	  the	  microscope	   turret	  and	  a	  collimated	   laser	  diode	  was	  mounted	   in	   the	  
turret	   in	   order	   to	   direct	   the	   beam	  back	   through	   the	  microscope,	   such	   that	   it	  was	   focused	   by	   the	  
compound	   tube	   lens.	   The	   Yanus	   scan	  head	  was	   then	  placed	   such	   that	   the	   scan	   lens	   collected	   the	  
beam	  transmitted	  by	  the	  compound	  tube	  lens.	  The	  collimation	  of	  the	  laser	  beam	  emerging	  from	  the	  
input	  port	  of	  the	  scan	  unit	  was	  then	  observed	  using	  a	  shear	  plate	   interferometer	  (SI100,	  Thorlabs)	  
and	  the	  air	  gap	  between	  the	  compound	  tube	  lens	  and	  the	  Yanus	  scan	  head	  was	  adjusted	  by	  changing	  
the	  position	  of	  the	  scan	  head	  until	  the	  emergent	  beam	  was	  collimated.	  This	  procedure	  ensured	  that	  
the	   pupil	   plane	   of	   the	   objective	   was	   imaged	   onto	   the	   scanning	   mirrors	   inside	   the	   scan	   head	  
assembly.	  The	  paper	  target	  was	  then	  replaced	  at	  the	  pupil	  plane	  and	  illuminated	  from	  object	  space	  
using	  the	  illumination	  column	  of	  the	  microscope.	  A	  400	  mm	  focal	  length	  achromatic	  doublet	  (AC254-­‐
400-­‐B-­‐ML,	   Thorlabs)	   was	   then	   placed	   to	   collect	   the	   light	   emerging	   from	   the	   input	   port	   of	   the	  
scanner.	   The	   distance	   of	   the	   lens	   from	   the	   input	   of	   the	   scanner	  was	   then	   adjusted	   to	   produce	   a	  
collimated	  image	  of	  the	  paper	  target.	  A	  second	  achromatic	  doublet	  of	  focal	  length	  500	  mm	  (AC254-­‐
500-­‐B-­‐ML,	  Thorlabs)	  was	  then	  placed	  to	  form	  a	  4𝑓	  relay	  with	  the	  400	  mm	  focal	  length	  doublet.	  The	  
collimated	  laser	  diode	  and	  shear	  plate	  interferometer	  were	  used	  to	  check	  the	  output	  collimation	  of	  
this	  4𝑓	   relay	  and	   the	  position	  of	   the	  500	  mm	  focal	   length	  was	  adjusted	  accordingly.	  The	  SLM	  was	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then	  placed	   such	   that	   a	   sharp	   image	  of	   the	  paper	   target	  was	   formed	  on	   the	   surface	  of	   the	  active	  
area	  of	  the	  SLM.	  This	  ensured	  that	  the	  SLM	  was	  imaged	  to	  the	  pupil	  plane	  of	  the	  objective.	  
The	  magnification	  of	  the	  4𝑓	  relay	  between	  the	  SLM	  and	  the	  scan	  unit	  is	  0.8,	  while	  the	  magnification	  
of	  the	  scan	  unit	  is	  0.49,	  as	  specified	  by	  the	  manufacturer.	  The	  relay	  formed	  by	  the	  scan	  and	  lens	  and	  
tube	   lens	   of	   the	   system	   has	   a	  magnification	   of	   4.6.	   The	   total	  magnification	   of	   the	   optical	   system	  
between	  the	  SLM	  and	  the	  objective	  lens	  pupil	  is	  thus	  1.8.	  	  
Figure	  109	  below	  illustrates	  the	  full	  layout	  of	  the	  system.	  
	  
Figure	  109	  -­‐	  Schematic	  of	  beam	  scanning	  3D-­‐STED	  system.	  .	  GLP	  -­‐	  glan	  laser	  polariser,	  OBJ	  -­‐	  100×,	  1.4NA	  objective	  lens,	  
QWP	   -­‐	   quarter-­‐wave	   plate,	  HWP	   -­‐	   half-­‐wave	   plate,	  MMF	   -­‐	   50	  µm	   core	   graded-­‐index	  multimode	   fibre.	  DC1	   –	   750	   nm	  
short-­‐pass	  dichroic,	  DC2	  –	  650	  long	  pass	  dichroic.	  
The	   apparatus	   used	   for	   supercontinuum	   generation	   and	   pulse	   timing,	   depletion	   beam	   pulse	  
stretching	  and	   the	  double	  pass	  SLM	  arrangement	  used	   for	  engineering	  of	   the	  depletion	  beam	  foci	  
were	  as	  described	   in	   sections	  3.1.1,	  3.1.2	  and	  3.1.3	   respectively	  and	  were	  not	  changed	  during	   the	  
reconfiguration	   of	   the	   setup	   from	   stage	   scanning	   to	   beam	   scanning.	   The	   depletion	   and	   excitation	  
beams	  were	  combined	  and	  directed	  into	  the	  input	  of	  the	  scan	  unit	  using	  a	  combination	  of	  a	  750	  nm	  
short	  pass	  dichroic	  (DC1)	  and	  a	  650	  nm	  long	  pass	  dichroic	  (DC2).	  Positioning	  of	  the	  dichroics	  in	  this	  
manner	  ensured	  that	   fluorescence	  emission	  was	  descanned.	  Fluorescence	  emission	  transmitted	  by	  
the	  dichroics	  was	  filtered	  spectrally	  by	  appropriate	  emission	  filters	  and	  focused	  by	  a	  100	  mm	  focal	  
length	   achromatic	   doublet	   (AC254-­‐100-­‐B-­‐ML,	   Thorlabs)	   onto	   a	   50	   µm	   core	   multimode	   fibre	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(M42L01,	   Thorlabs),	   that	   acted	   as	   a	   confocal	   pinhole.	   The	   detection	   electronics	   are	   described	   in	  
section	  3.1.6	  and	  were	  not	  changed	  during	  the	  reconfiguration	  of	  the	  setup	  from	  stage	  scanning	  to	  
beam	  scanning.	  
The	  scan	  unit	  accepted	  analogue	  voltage	  inputs	  in	  the	  range	  -­‐10	  to	  +10	  Volts	  to	  command	  the	  angles	  
of	  the	  scanning	  mirrors.	  To	  achieve	  scanning	  in	  the	  z	  direction	  a	  piezo	  flexure	  objective	  scanner	  (P-­‐
721	   PIFOC,	   Phyzik	   Instrumente,	   Germany)	   was	   used	   to	   scan	   the	   objective	   in	   the	   axial	   direction.	  
Scanning	   was	   achieved	   via	   three	   analogue	   voltages	   supplied	   by	   a	   DAQ	   box	   (NI-­‐6343,	   National	  
Instruments).	  Two	  of	  these	  voltages	  commanded	  the	  scan	  mirrors,	  while	  the	  third	  commanded	  the	  
position	  of	  the	  objective	  scanner.	  Scan	  control	  and	   image	  acquisition	  was	  performed	  using	  custom	  
written	   LabVIEW	   software.	   To	   achieve	   a	   single	   direction	   scan	   pattern,	   a	   sawtooth	  waveform	  was	  
applied	  to	  the	  mirror	  corresponding	  to	  the	  fast	  axis	  and	  a	  stepped	  ramp	  is	  applied	  to	  the	  mirror	  or	  
objective	  scanner	  corresponding	  to	  the	  slow	  scan	  axis.	   It	  was	  discovered	  that	  there	  was	  a	  delay	  of	  
1.2	  seconds	  between	  the	  voltage	  waveform	  being	  supplied	  to	  the	  scanning	  unit	  and	  the	  motion	  of	  
the	  mirrors	  beginning,	  which	   is	  due	   to	  processing	  of	   the	  waveforms	  by	   the	   scan	  control	  unit.	   This	  
delay	  had	  to	  be	  taken	  into	  account	  to	  properly	  synchronize	  the	  scanning	  with	  the	  image	  acquisition.	  
To	  convert	  the	  angular	  displacement	  of	  the	  beam	  by	  the	  scanning	  mirrors	  into	  a	  lateral	  displacement	  
of	   the	  PSF	   in	   the	  sample	  plane	   the	   focal	   lengths	  of	   the	  scan	   lens,	   tube	   lens	  and	  objective	   lens	  are	  
considered.	   The	   scan	   lens	  has	   focal	   length	  of	   50	  mm	  and	   the	   tube	   lens	  has	   focal	   length	  230	  mm.	  
Therefore	  the	  angular	  displacement	  of	  the	  beam	  was	  de-­‐magnified	  by	  a	  factor	  of	  0.217	  between	  the	  
scanner	  and	  the	  objective	  lens	  pupil.	  The	  image	  height,	  ℎ,	  corresponding	  to	  a	  beam	  angle,	  𝜃,	  at	  the	  
pupil	  is	  then	  calculated	  as	   ℎ = 𝑓 ∙ 𝑠𝑖𝑛𝜃	   	   (63)	  
where	  𝑓	  is	  the	  focal	  length	  of	  the	  objective	  lens,	  which	  is	  2	  mm	  in	  this	  case,	  and	  𝜃	  is	  the	  angle	  of	  the	  
beam	  at	  the	  entrance	  pupil.	  
The	  angular	  displacement	  of	  the	  scan	  mirrors	  was	  1°/V.	  Therefore	  1	  Volt	  corresponded	  to	  an	  angular	  
displacement	  of	  the	  beam	  of	  2°.	  This	  is	  then	  de-­‐magnified	  by	  the	  scan	  lens	  and	  tube	  lens,	  translating	  
to	  an	  incident	  angle	  of	  0.43°	  at	  the	  pupil	  of	  the	  objective,	  which	  then	  corresponds	  to	  a	  lateral	  focus	  
displacement	  in	  the	  sample	  plane	  of	  15	  µm	  per	  Volt	  input	  to	  the	  scanner.	  
7.1.1 Polarisation	  issues	  
During	  the	  alignment	  of	  this	  system	  it	  was	  noticed	  that	  the	  polarisation	  state	  of	  the	  depletion	  beam	  
changed	  depending	  on	  the	  scan	  angle.	  To	  optimize	  the	  circularity	  of	  the	  polarisation	  of	  the	  depletion	  
beam,	  which	  is	  critical	  for	  achievement	  of	  a	  good	  doughnut	  minimum,	  a	  linear	  polariser	  was	  placed	  
166	  
	  
in	  the	  beam	  and	  rotated	  while	  the	  transmitted	   intensity	  was	  monitored.	  The	  angle	  of	   the	  quarter-­‐
wave	   plate	   used	   to	   circularly	   polarise	   the	   beam	   was	   then	   adjusted	   until	   the	   modulation	   in	   the	  
intensity	  transmitted	  by	  the	  linear	  polariser	  was	  minimised.	  This	  procedure	  was	  carried	  out	  with	  the	  
depletion	  beam	  parked	  on	  axis.	  However,	  if	  the	  angle	  of	  the	  beam	  was	  changed	  by	  a	  large	  amount	  it	  
was	   seen	   that	   the	   circularity	   of	   the	   polarisation	   was	   no	   longer	   optimized.	   It	   is	   believed	   that	   the	  
scanning	  mirrors	  are	  responsible	   for	  modulation	  of	  the	   input	  polarisation	  depending	  on	  the	  angles	  
that	   the	   depletion	   beam	   is	   incident	   upon	   the	   scan	  mirrors	   and	   could	   be	   a	   combination	   of	   effects	  
caused	   by	   phase	   changes	   imparted	   by	   any	   dielectric	   coatings	   on	   the	   mirror	   surfaces	   and	   effects	  
caused	   by	   the	   scanning	   geometry.	   Inside	   the	   Yanus	   scan	   head,	   a	   collimated	   input	   beam	   is	   first	  
incident	   on	   a	   concave	   mirror	   producing	   a	   focusing	   beam	   that	   is	   then	   incident	   on	   the	   first	   scan	  
mirror.	  After	  the	  first	  scan	  mirror,	  the	  beam	  in	  then	  incident	  on	  a	  second	  concave	  mirror	  that	  acts	  to	  
re-­‐collimate	   the	  beam	  and	   image	   the	   first	   scan	  mirror	  onto	   the	  second	  scan	  mirror.	  The	  scan	   lens	  
then	  produces	  a	  focus	  that	  is	  scanned	  in	  a	  plane	  conjugate	  to	  the	  focal	  plane	  of	  the	  objective	  lens.	  
Variation	   of	   the	   polarisation	   state	   of	   the	   beam	   across	   the	   scan	   field	   is	   problematic	   for	   STED	  
microscopy	  as	  the	  quality	  of	  the	  depletion	  beam	  minimum	  is	  strongly	  dependent	  on	  the	  polarisation	  
state	  of	  the	  depletion	  beam.	  
7.1.2 Application	  to	  biological	  samples	  and	  bulk	  diamond	  
7.1.2.1 Application	  to	  biological	  samples	  
Figure	  110	  below	  shows	  confocal	  x-­‐y	  (a)	  and	  STED	  x-­‐y	  (b)	  images	  of	  glucagon	  labelled	  with	  STAR635	  
(Aberrior,	  Göttingen,	  Germany)	   in	  murine	  pancreatic	  cells,	  with	  depletion	  carried	  out	   in	  the	   lateral	  
plane	  only.	  
167	  
	  
	  
Figure	  110	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐y	  plane	  of	  glucagon	  labelled	  with	  STAR635	  (Aberrior)	  in	  murine	  
pancreatic	  cells.	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  512	  pixels.	  Pixel	  size	  =	  21	  nm.	  
Pixel	  dwell	  time	  	  =	  5	  µs	  with	  image	  accumulated	  over	  20	  frames.	  
Figure	   111	   below	   shows	   a	   line	   profiles	   taken	   through	   one	   of	   the	   glucagon	   containing	   secretory	  
granules	  as	   indicated	  by	   the	  yellow	  arrows	   in	  Figure	  110	   (b).	  A	   Lorentzian	   fit	   (red	   line)	   to	   the	   raw	  
STED	  data	  (black	  dots)	  indicates	  a	  STED	  PSF	  FWHM	  of	  70	  nm.	  This	  represents	  an	  upper	  bound	  for	  the	  
lateral	  spatial	  resolution	  given	  the	  unknown	  size	  of	  the	  granule.	  
	  
Figure	  111	  -­‐	  lateral	  line	  profile	  (black	  dots)	  taken	  from	  region	  indicated	  by	  the	  yellow	  arrows	  in	  Figure	  110	  (b)	  with	  
Lorentzian	  fit	  (red	  line)	  demonstrating	  lateral	  STED	  PSF	  FWHM	  of	  70	  nm.	  The	  line	  profile	  of	  the	  corresponding	  region	  in	  
the	  confocal	  image	  in	  Figure	  110	  (a)	  is	  also	  shown	  (blue	  line).	  
Figure	   112	  below	   shows	   confocal	   x-­‐y	   (a)	   and	   STED	   x-­‐y	   (b)	   images	  of	   the	   zinc	   transporter	   8	   (ZnT8)	  
protein	   labelled	   with	   ATTO647	   (ATTO-­‐TEC	   GmbH,	   Germany)	   in	   murine	   pancreatic	   cells,	   with	  
depletion	  carried	  out	  in	  the	  lateral	  plane	  only.	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Figure	  112-­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐y	  plane	  of	  ZnT8	  labelled	  with	  ATTO647	  (AttoTec)	  in	  murine	  
pancreatic	  cells.	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  512	  pixels.	  Pixel	  size:	  30	  nm	  
interpolated	  to	  20	  nm	  in	  ImageJ.	  Pixel	  dwell	  time	  	  =	  5	  µs	  with	  image	  accumulated	  over	  40	  frames.	  
Figure	  113	  below	  shows	  confocal	  x-­‐z	  (a)	  and	  STED	  x-­‐z	  (b)	  images	  of	  the	  HTP-­‐1	  protein	  in	  C.	  Elegans	  
germ	  line	  labelled	  with	  STAR635P	  (Aberrior,	  Göttingen,	  Germany),	  with	  depletion	  carried	  out	  in	  the	  
axial	  direction	  only.	  
	  
Figure	  113	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐z	  plane	  of	  the	  HTP-­‐1	  protein	  in	  a	  C.	  Elegans	  germ	  line	  labelled	  with	  
STAR635	  (Aberrior).	  Excited	  at	  609	  nm,	  depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  128	  x	  128	  pixels.	  Pixel	  size	  =	  59	  
nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  image	  accumulated	  over	  20	  frames.	  
7.1.2.2 Application	  to	  bulk	  diamond	  
Figure	  114	  below	  shows	  confocal	   (a)	  and	  STED	  (b)	   images	   in	   the	  x-­‐y	  plane	  of	  NV-­‐	  centres	  near	   the	  
surface	   in	   bulk	   diamond,	   with	   a	   helicoidal	   phase	   depletion	   focus	   used	   for	   lateral	   resolution	  
improvement.	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Figure	  114	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐y	  plane	  of	  the	  NV-­‐	  centres	  in	  bulk	  diamond.	  Excited	  at	  575	  nm,	  
depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  512	  x	  512	  pixels.	  Pixel	  size	  =	  18	  nm.	  Pixel	  dwell	  time	  	  =	  50	  µs	  with	  image	  
accumulated	  over	  400	  frames.	  
Figure	   115	   below	   shows	   confocal	   (a)	   and	   STED	   (b)	   images	   in	   the	   x-­‐z	   plane	   of	   NV-­‐	   centres	   in	   bulk	  
diamond,	  with	  a	  bottle	  beam	  focus	  used	  for	  axial	  resolution	  improvement.	  
	  
Figure	  115	  -­‐	  (a)	  confocal	  and	  (b)	  STED	  images	  in	  the	  x-­‐z	  plane	  of	  the	  NV-­‐	  centres	  in	  bulk	  diamond.	  Excited	  at	  575	  nm,	  
depleted	  with	  ~200	  mW	  at	  780	  nm.	  Image	  size:	  128	  x	  128	  pixels.	  Pixel	  size	  =	  30	  nm.	  Pixel	  dwell	  time	  	  =	  250	  µs	  with	  image	  
accumulated	  over	  50	  frames.	  
7.1.3 Photobleaching	  
The	  triplet	  state	  lifetime	  of	  fluorophores	  is	  typically  1µμ𝑠.	  Therefore,	  to	  realise	  triplet	  state	  relaxation,	  
the	  time	  span	  between	  successive	  excitation/depletion	  pulses	  should	  be	  >  1µμ𝑠	  [231].	  The	  repetition	  
rate	   of	   the	   laser	   sources	   used	   for	   these	   experiments	   is	   80	   MHz,	   and	   the	   time	   span	   between	  
successive	   pulses	   is	   12.5	   ns.	   This	   corresponds	   to	   approximately	   80	   illumination	   pulses	   per	   triplet	  
state	   lifetime.	   The	   diameter	   of	   a	   depletion	   focus	   at	   780	   nm	   using	   a	   1.4	   NA	   objective	   lens	   is	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approximately	  1	  µm.	   If	   a	   STED	   resolution	  of	  50	  nm	   is	  expected	   then	  an	  adequately	   sampled	  STED	  
image	   requires	  pixels	  of	  25	  nm	  width	  or	   smaller,	   corresponding	   to	  40	  or	  more	   samples	  across	   the	  
diameter	  of	   the	  depletion	   focus.	   The	  maximum	  scan	   rate	  of	   the	   Yanus	   scanner	  used	  here	   is	   2000	  
lines	   per	   second	   for	   a	   small	   field	   of	   view	  or	   1000	   lines	   per	   second	   for	   a	   larger	   field	   of	   view.	   This	  
means	   the	   shortest	   possible	   time	   to	   acquire	   1	   line	   of	   an	   image	   is	   500	   µs.	   For	   a	   512	   by	   512	   pixel	  
image	  this	  corresponds	  to	  a	  pixel	  dwell	  time	  of	  ~1  µμ𝑠,	  during	  which	  fluorophores	  will	  be	  exposed	  to	  
80	   pulses.	   Due	   to	   the	   1	   µm	   diameter	   of	   the	   depletion	   focus,	   fluorophores	  will	   be	   exposed	   to	   40	  
successive	   pixel	   dwell	   times	   as	   the	   focus	   is	   scanned	   through	   the	   sample,	   and	   therefore	   3200	  
successive	  pulses.	   It	   is	   evident	   that	   it	   is	   not	  possible	   to	  perform	   true	  T-­‐Rex	   STED	   (where	   the	   time	  
between	  a	   fluorophore	   experiencing	   subsequent	  pulses	   is	   ~1µs	  or	   greater)	  with	   this	   experimental	  
setup.	  Nevertheless,	   the	  addition	  of	   fast	  scanning	  here	  can	  reduce	  pixel	  dwell	   times	  by	  a	   factor	  of	  
~1000,	  thereby	  reducing	  the	  number	  of	  successive	  pulses	  experienced	  by	  fluorophores	  by	  the	  same	  
factor	  of	  1000.	  This	  should	  reduce	  the	  fraction	  of	  fluorophores	  that	  are	  pumped	  into	  a	  triplet	  state	  
and	   subsequently	   photobleached	   during	   a	   scan.	   The	   benefit	   of	   fast	   scanning	   to	   photobleaching	  
should	  be	  characterised	  in	  future	  studies.	  	  
7.2 	  GFP	  based	  3D-­‐STED	  microscopy	  
The	  use	  of	  genetically	  encoded	  markers,	   such	  as	  GFP,	   is	  ubiqitous	   for	   live-­‐cell	  and	   in	  vivo	   imaging.	  
However,	  there	  are	  still	  relatively	  few	  reports	  of	  STED	  microscopy	  of	  fluorescent	  proteins	  [75],	  [232].	  
The	  development	  of	  STED	  systems	  that	  offer	  super-­‐resolution	  imaging	  of	  fluorescent	  proteins	  could	  
prove	   to	   be	   an	   extremely	   valuable	   tool	   for	   the	   study	   of	   biological	   systems	   on	   the	   nanoscale.	  
Extension	  of	   such	  systems	   to	   include	  3D	   imaging	  and	  adaptive	  optics	  will	  enable	   imaging	  at	  depth	  
into	  aberrating	  media	  such	  as	   live	  cells	  and	  tissue.	  The	  following	  section	  provides	  details	  of	  a	  STED	  
system	  designed	  for	  imaging	  of	  GFP.	  This	  system	  incorporates	  a	  spatial	  light	  modulator	  device	  that	  is	  
used	   for	   generation	   of	   depletion	   foci	   and	   could	   potentially	   be	   used	   to	   correct	   for	   aberrations	  
stemming	  from	  the	  refractive	  index	  structure	  of	  samples.	  
7.2.1 Description	  of	  560	  nm	  depletion	  source	  
The	   560	   nm	   depletion	   source	   that	   forms	   the	   basis	   of	   the	   3D-­‐STED	   system	   described	   here	   was	   a	  
frequency-­‐doubled	   Raman	   fibre	   laser	   utilising	   a	   novel	   fibre	   architecture	   that	   converts	   ytterbium-­‐
fibre	  technology	  from	  1064	  nm	  to	  1120	  nm.	  Frequency-­‐doubling	  of	  the	  1120	  nm	  radiation	  to	  560	  nm	  
is	  then	  achieved	  using	  a	  periodically-­‐poled	  lithium	  tantalate	  crystal.	  
An	   ytterbium	  master	   oscillator	   power	   fibre	   amplifier	   (Yb-­‐MOPFA)	   was	   seeded	   using	   a	   distributed	  
feedback	  laser	  diode	  (DFB)	  operating	  with	  a	  central	  wavelength	  of	  1064	  nm.	  The	  output	  of	  the	  DFB	  
was	  modulated	  using	  a	  picosecond	  pulse	  generator	   (Geozondas,	  Lithuania).	  The	  resulting	  1064	  nm	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pulse	  train	  was	  then	  amplified	  in	  two	  stages	  via	  an	  Yb-­‐fibre	  pre-­‐amp	  (IPG	  Photonics)	  followed	  by	  an	  
Yb-­‐fibre	  power	  amplifier	  (IPG	  Photonics).	  The	  output	  of	  the	  power	  amplifier	  was	  then	  combined	  with	  
the	  output	  of	  a	  second	  DFB	  laser	  diode	  operating	  at	  1120	  nm	  using	  a	  polarisation-­‐maintaining	  wave	  
division	  multiplexer	  (WDM).	  A	   length	  of	  polarisation	  maintaining	  Raman	  fibre	  (OFS	  Fitel)	  spliced	  to	  
the	  output	  of	  the	  WDM	  was	  used	  as	  the	  Raman	  gain	  medium.	  A	  further	  WDM	  spliced	  to	  the	  output	  
of	   the	  Raman	   fibre	  was	  used	   to	   filter	   residual	  1064	  nm	   light.	  The	  output	  of	   the	  Raman	   fibre	   laser	  
source	  consisted	  of	  a	  linearly	  polarised	  pulse	  train	  with	  a	  narrow	  linewidth	  centred	  on	  1120	  nm.	  This	  
pulse	   train	   was	   then	   frequency	   doubled	   by	   focusing	   the	   beam	   into	   a	   periodically	   poled	   lithium	  
tantalite	  crystal.	  
The	  repetition	  rate	  of	  the	  system	  was	  adjustable	  by	  varying	  the	  driving	  signal	  supplied	  to	  the	  1064	  
nm	   DFB	   by	   the	   Geozondas	   pulse	   generator.	   Table	   4	   below	   shows	   the	  maximum	   achievable	   laser	  
powers	   at	   1120nm	  and	  560	  nm,	   along	  with	   the	   resultant	   pulse	  widths	   for	   the	   range	  of	   repetition	  
rates	  available	  from	  the	  Geozondas	  pulse	  generator.	  In	  principle,	  the	  pulse	  widths	  achieved	  at	  all	  of	  
the	  repetition	  rates	  shown	  below	  are	  compatible	  with	  STED	  microscopy.	  However,	  the	  40	  ps	  and	  35	  
ps	   pulses	   at	   25	   MHz	   and	   50	   MHz	   respectively	   are	   considered	   to	   be	   relatively	   short.	   Theoretical	  
studies	   predicted	   that	   a	   depletion	   pulse	  width	   of	   between	   20	   and	   30	   ps	  would	   provide	   the	  most	  
efficient	   depletion	   of	   fluorescence	   [233].	   In	   practice,	   however,	   better	   results	   have	   been	   achieved	  
with	   depletion	   pulses	   of	   width	   above	   100	   ps.	   Reasons	   for	   this	   may	   include	   minimisation	   of	  
polarisation	  effects	  by	  allowing	  time	  for	  molecules	  to	  rotate	  and,	  in	  the	  case	  of	  triggered	  diode	  lasers	  
for	  excitation,	  non-­‐negligible	  synchronisation	  jitter.	  
Repetition	  Rate	  
(MHz)	  
1120	  nm	  laser	  
power	  (W)	  
Laser	  power	  at	  
560nm	  (mW)	  
Pulse	  duration	  
(ps)	  
2.5	   2.70	   970	   1900	  
5	   2.43	   800	   890	  
10	   2.15	   540	   430	  
25	   1.55	   120	   40	  
50	   1.27	   65	   35	  
Table	  4	  -­‐	  560	  nm	  Raman	  fibre	  laser.	  Maximum	  laser	  powers	  at	  1120	  nm,	  560	  nm	  and	  associated	  pulse	  widths	  at	  the	  
available	  repetition	  rates.	  
7.2.2 Design	  of	  3D-­‐STED	  system	  for	  GFP	  	  
Figure	  116	  presents	  an	  illustration	  of	  the	  layout	  of	  the	  STED	  system	  for	  use	  with	  GFP.	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Figure	  116	  -­‐	  Block	  diagram	  of	  3D-­‐STED	  for	  GFP	  setup.	  PBS	  –	  polarising	  beam	  splitter,	  SLM	  –	  spatial	  light	  modultator,	  OBJ	  -­‐	  
100×,	  1.4NA	  objective	  lens,	  QWP	  -­‐	  quarter-­‐wave	  plate,	  HWP	  -­‐	  half-­‐wave	  plate,	  PM-­‐SMF	  –	  polarisation	  maintaining	  single	  
mode	  fibre,	  MMF	  -­‐	  62.5	  µm	  core	  graded-­‐index	  multimode	  fibre,	  DC1	  –	  491	  nm	  longpass	  dichroic,	  DC2	  –	  dual	  band	  
488/561	  nm	  reflecting	  dichroic,	  DAQ	  –	  data	  acquisition	  card,	  PMT	  –	  photomultiplier	  tube.	  
A	   synchronisation	   signal	   was	   provided	   by	   the	   Geozondas	   pulse	   generator	   incorporated	   in	   the	  
depletion	   laser.	  This	   signal	  was	   inverted	  and	  split	   in	  order	   to	  provide	  a	  synchronisation	  signal	   to	  a	  
TCPSC	  card	  (SPC-­‐830,	  Becker	  and	  Hickl,	  Germany)	  for	  FLIM	  studies,	  and	  to	  trigger	  the	  driver	  box	  (PDL	  
828	  Sepia	  II,	  Picoquant)	  of	  a	  gain	  switched	  diode	  laser	  operating	  at	  485	  nm	  (LDH-­‐D-­‐C-­‐485,	  Picoquant,	  
Germany)	   to	  provide	  pulses	   for	  excitation	  of	  GFP.	  A	  variable	  delay	   in-­‐built	   to	  the	  Geozondas	  pulse	  
generator	  with	  a	  range	  of	  100	  ns	  allowed	  convenient	  adjustment	  of	  the	  phase	  of	  the	  electronic	  pulse	  
train	   fed	   to	   the	   pulsed	   laser	   diode,	   thus	   allowing	   the	   temporal	   alignment	   of	   the	   excitation	   and	  
depletion	   pulses	   to	   be	   carried	   out	   quickly	   and	   accurately.	   The	   485	   nm	   diode	   laser	   was	   spatially	  
filtered	  by	  coupling	   it	   into	  a	  polarisation	  maintaining	  single	  mode	  fibre	  (P3-­‐488PM-­‐FC-­‐2,	  Thorlabs).	  
At	  the	  output	  of	  the	  fibre,	  the	  emergent	  beam	  was	  collimated	  using	  a	  50	  mm	  focal	   length	  doublet	  
(AC127-­‐050-­‐A-­‐ML,	  Thorlabs).	  The	  collimated	  485	  nm	  beam	  was	  directed	   into	   the	  Leica	  microscope	  
frame	   (DMIRBE)	   via	   silver	   mirrors	   and	   a	   491	   nm	   long-­‐pass	   dichroic	   mirror	   (ZT491rdc,	   Chroma	  
Technology	  Corp,	  Vermont,	  USA).	  The	  485	  nm	  beam	  overfilled	  the	  objective	  lens	  (100×	  1.4	  NA,	  Leica	  
Microsystems,	  Wetzlar).	  The	  linearly	  polarised	  560	  nm	  depletion	  beam	  was	  directed	  through	  a	  half-­‐
wave	  plate	  (WPH05M-­‐561,	  Thorlabs)	  and	  a	  polarising	  beam	  splitter	  cube,	  which	  acted	  as	  a	  means	  to	  
control	   the	   power	   of	   the	   laser	   beam.	   The	  beam	  was	   then	  directed	  onto	   the	   surface	  of	   a	   nematic	  
liquid	   crystal	   spatial	   light	   modulator	   (X10468-­‐04,	   Hamamastu,	   Japan),	   where	   the	   phase	   profile	  
required	  to	  generate	  the	  depletion	  focus	  was	  described.	  The	  beam	  reflected	  by	  the	  SLM	  then	  passed	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through	  a	  4𝑓	  optical	  relay	  formed	  by	  a	  250	  mm	  focal	  length	  achromatic	  doublet	  and	  a	  750	  mm	  focal	  
length	  achromatic	  doublet.	  The	  4𝑓	  relay	  acted	  to	  expand	  the	  beam	  to	  fill	  the	  pupil	  of	  the	  objective	  
lens	  and	  to	  image	  the	  SLM	  onto	  the	  objective	  pupil.	  The	  expanded	  depletion	  beam	  was	  directed	  into	  
the	  Leica	  microscope	  frame	  using	  a	  dual-­‐edge	  dichroic	  mirror	  (Di01-­‐R488/561,	  Semrock,	  New	  York).	  
The	   560	   nm	   depletion	   beam	   was	   circularly	   polarised	   by	   a	   quarter-­‐wave	   plate	   (WPQ05M-­‐561,	  
Thorlabs).	  Fluorescence	  generated	  in	  the	  sample	  plane	  was	  transmitted	  by	  the	  dichroics	  in	  the	  band	  
491	  -­‐	  561	  nm	  and	  was	  further	  filtered	  by	  a	  bandpass	  emission	  filter	  (520/35	  nm	  BrightLine,	  Semrock,	  
New	  York).	  The	  emission	  was	  focused	  by	  a	  300	  mm	  focal	  length	  doublet	  onto	  a	  62.5	  µm	  core	  graded	  
index	  multi-­‐mode	  fibre	  (GIF625,	  Thorlabs)	  that	  acted	  as	  a	  confocal	  pinhole.	  Emission	  photons	  were	  
detected	  by	  a	  cooled	  PMT	  (PMC-­‐100,	  Becker	  and	  Hickl).	  Scanning	  of	  the	  sample	  was	  carried	  out	  via	  a	  
3-­‐axis	  piezo	  stage	  (Mad	  City	  Labs,	  Madison,	  USA)	  that	  was	  controlled	  via	  analogue	  voltages	  from	  a	  
DAQ	  card	  (NI-­‐6251,	  National	  Instruments).	  The	  output	  signal	  from	  the	  PMT	  was	  split	  such	  that	  one	  
arm	  was	   connected	   to	   the	   TCSPC	   card	   for	   FLIM	   studies	  while	   the	   pulses	   in	   the	   second	   arm	  were	  
converted	   to	   TTL	   pulses	   using	   a	   discriminator	   circuit	   (TB-­‐01,	   Horiba,	   Kyoto),	   which	   were	   then	  
registered	  using	  the	  DAQ	  card	  for	  standard	  intensity	  imaging.	  Image	  acquisition	  was	  performed	  using	  
a	  custom	  written	  LabVIEW	  VI.	  
At	   the	   time	  of	  writing	   characterisation	  of	   the	  performance	  of	   this	   system	   is	  ongoing.	   Suitable	   test	  
samples	   will	   be	   imaged	   to	   obtain	   estimates	   of	   the	   spatial	   resolution	   offered	   by	   this	   microscope.	  
Polystyrene	   beads	   with	   “yellow-­‐green”	   fluorescent	   label	   (FluoSpheres®	   Carboxylate-­‐Modified	  
Microspheres,	  0.02	  µm,	  yellow-­‐green	  fluorescent	  (505/515),	  Life	  Technologies)	  have	  been	  identified	  
as	   a	   sample	   with	   potentially	   suitable	   spectral	   properties.	   The	   excitation	   and	   emission	   spectra	   of	  
these	  labelled	  beads	  is	  shown	  below	  in	  Figure	  117.	  These	  beads	  can	  be	  excited	  efficiently	  at	  485	  nm.	  
The	  560	  nm	  depletion	  overlaps	  with	  the	  tail	  of	  emission	  spectrum	  of	  the	  beads	  and	  therefore	  should	  
deplete	   fluorescence	   effectively	   while	   most	   of	   the	   emission	   spectrum	   can	   still	   be	   reserved	   for	  
detection	  of	  fluorescence	  emission	  in	  the	  waveband	  503	  -­‐	  538	  nm	  (as	  dictated	  by	  the	  emission	  filter	  
of	  this	  setup).	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Figure	  117	  -­‐	  Excitation	  (blue)	  and	  emission	  (green)	  spectra	  of	  yellow-­‐green	  fluorescent	  beads	  (FluoSpheres®	  Carboxylate-­‐
Modified	  Microspheres,	  0.02	  µm,	  yellow-­‐green	  fluorescent	  (505/515),	  Life	  Technologies).	  (Data	  taken	  from	  
www.lifetechnologies.com).	  
A	  possible	  alternative	  to	  these	  polystyrene	  beads	  is	  nanodiamonds	  enriched	  with	  H3	  colour	  centres.	  
These	   are	   commercially	   available	   (Adamas	   Nanotechnologies,	   Oregon,	   USA)	   and	   have	   similar	  
spectral	  properties	   to	   the	   labelled	  polystyrene	  beads	  described	  above.	  H3	  centres	  are	   reported	   to	  
have	  high	  quantum	  yield,	  long	  fluorescence	  lifetime	  and	  excellent	  photostability	  [196].	  
7.3 Chapter	  summary	  
This	  chapter	  has	  described	  further	  development	  of	  3D-­‐STED	  instrumentation	  that	  was	  carried	  out	  as	  
part	  of	   this	  PhD.	  The	  upgrade	  of	   the	  3D-­‐STED	  system	  described	   in	  Chapter	  3	  by	   incorporation	  of	  a	  
commercially	  available	  fast	  scanner	  has	  been	  outlined,	  including	  details	  of	  the	  alignment	  procedure.	  
STED	   imaging	   of	   biological	   samples	   and	   bulk	   diamond	   carried	   out	   with	   this	   instrument	   was	  
presented	   in	   order	   to	   showcase	   the	   ability	   of	   instrument.	   The	   design	   and	   construction	   of	   a	   STED	  
system	  intended	  for	  STED	  of	  green	  fluorescent	  protein	  was	  discussed	  including	  a	  basic	  description	  of	  
the	  novel	  fibre	  laser	  source	  that	  forms	  the	  basis	  of	  this	  system.	  This	  system	  could	  be	  reconfigured	  in	  
future	  studies	  to	  include	  a	  double	  pass	  SLM	  arrangement	  for	  3D-­‐STED,	  as	  described	  in	  section	  3.1.3.	  
This	  upgrade	  may	  require	  a	  method	  to	  separate	  orthogonally	  polarised	  pulses	  in	  time,	  such	  that	  the	  
two	  depletion	  foci	  required	  for	  3D-­‐STED	  are	  not	  coherent	  with	  each	  other	  at	  the	  focal	  plane.	  A	  low	  
loss	  method	   for	  achieving	   this	  could	  be	   to	  pass	   the	   laser	  beam	  through	  an	  appropriately	  designed	  
birefringent	  crystal.	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Chapter	  8. Conclusions	  and	  outlook	  
The	  focus	  of	  this	  thesis	  has	  been	  the	  development	  and	  application	  of	   instrumentation	  for	  3D-­‐STED	  
microscopy	   and	   evaluation	   of	   the	   use	   of	   fluorescence	  microscopy	   techniques,	   including	   STED	   and	  
FLIM,	  for	  the	  study	  of	  fluorescent	  defects	  in	  bulk	  diamond.	  
After	  introducing	  the	  basic	  principles	  of	  fluorescence	  and	  its	  measurable	  properties,	  Chapter	  2	  gave	  
a	  discussion	  of	  optical	  microscopy	  with	  a	  particular	  focus	  on	  contrast,	  spatial	  resolution	  and	  optical	  
sectioning.	  Several	  imaging	  modalities	  that	  can	  achieve	  spatial	  resolution	  below	  the	  diffraction	  limit	  
were	  described,	  of	  which	  the	  most	  commonly	  used	  at	  present	  are	  confocal	  microscopy,	  multiphoton	  
microscopy,	   TIRF	   microscopy	   and	   structured	   illumination	   microscopy.	   The	   chapter	   concluded	   by	  
introducing	  a	  set	  of	  fluorescence	  microscopy	  techniques	  that	  have	  theoretically	  unlimited	  resolution,	  
including	  localisation	  microscopy,	  SSIM,	  STED	  microscopy	  and	  photo-­‐switching	  RESOLFT.	  
Chapter	  3	  presented	  the	  design	  and	  construction	  of	  a	  3D-­‐STED	  microscope.	  For	  this	  work	  a	  particular	  
emphasis	  was	  placed	  on	  improving	  the	  engineering	  of	  3D-­‐STED	  technology	  to	  provide	  a	  robust	  and	  
flexible	   approach	   that	   expands	   the	   functionality	   of	   the	   instrumentation	  while	  maintaining	   ease	  of	  
use	   and	   stability.	   The	   novel	   SLM	   based	   design	   for	   3D-­‐STED	   that	   was	   developed	   and	   successfully	  
demonstrated	   during	   this	   PhD	   is	   a	   significant	   improvement	   on	   prior	   techniques	   for	   3D-­‐STED	   that	  
involve	   independent	  beam	  paths	  and	   fixed	  phase	  plates.	   Indeed,	  a	  slightly	  modified	  version	  of	   the	  
SLM	   approach	   described	   in	   this	   thesis	   has	   now	   made	   its	   way	   into	   commercial	   3D-­‐STED	  
instrumentation	   (easy3D	   STED	   -­‐	   Abberior	   Instruments	   GMBH,	   Göttingen).	   Images	   of	   fluorescent	  
beads	   and	   nanodiamonds	   were	   presented	   that	   characterized	   the	   performance	   of	   this	   instrument	  
and	   STED	   imaging	   of	   NV-­‐	   centres	   in	   bulk	   diamond	   was	   demonstrated.	   The	   application	   of	   the	  
microscope	   to	   super-­‐resolution	   imaging	   of	   the	   immune	   synapse	   in	   its	   natural	   state	   was	   also	  
discussed,	   which	   was	   the	   first	   reported	   super-­‐resolution	   microscopy	   image	   of	   the	   interaction	  
between	  two	  cells.	  
As	  well	  as	  providing	  a	  convenient	  solution	  for	  the	  generation	  of	  a	  3D	  depletion	  focus,	  the	  use	  of	  SLM	  
technology	  in	  the	  3D-­‐STED	  apparatus	  detailed	  in	  Chapter	  3	  also	  facilitates	  aberration	  compensation.	  
The	  concept	  of	  aberration	  correction	  in	  a	  3D-­‐STED	  microscope	  was	  explored	  in	  Chapter	  4,	  where	  the	  
principles	  of	  wavefront	  correction	  were	   introduced	  and	  the	  use	  of	  Zernike	  polynomials	  to	  describe	  
and	   correct	   for	   wavefront	   aberrations	   was	   explained.	   This	   chapter	   also	   presented	   modelled	  
excitation,	  depletion	  and	  emission	  point	  spread	  functions	  in	  the	  presence	  of	  aberrations	  for	  a	  set	  of	  
specific	  low	  order	  Zernike	  aberration	  modes,	  illustrating	  the	  unique	  effects	  that	  each	  of	  these	  modes	  
has	   on	   the	   performance	   of	   a	   STED	   microscope.	   This	   modelling	   also	   investigated	   the	   potential	  
improvement	   in	   imaging	   quality	   that	   could	   be	   gained	   by	   correction	   of	   only	   the	   aberration	   of	   the	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depletion	   focus,	   while	   leaving	   the	   excitation	   focus	   unchanged.	   It	   was	   shown	   that	   low	   order	  
astigmatism	   and	   coma	   modes	   have	   a	   dramatic,	   adverse	   effect	   on	   the	   performance	   of	   a	   STED	  
microscope,	  mainly	  stemming	  from	  the	  induced	  asymmetry	  and	  destruction	  of	  the	  central	  minimum	  
of	   the	   doughnut	   depletion	   focus.	   It	  was	   also	   shown	   that	   correction	   of	   just	   the	   depletion	   focus	   is	  
sufficient	   to	  appreciably	   improve	   the	  quality	  of	   the	  emission	  distribution.	  However,	   this	  modelling	  
also	   highlighted	   that,	   for	   some	   Zernike	   modes,	   a	   simple	   “cancelling”	   of	   the	   wavefront	   of	   the	  
depletion	  beam	  by	  the	  adaptive	  optic	  device	  is	  not	  appropriate	  due	  to	  lateral	  shifts	  of	  the	  excitation	  
and	  depletion	  foci	  induced	  by	  the	  aberration	  wavefronts.	  In	  these	  cases	  additional	  tilt	  modes	  could	  
be	   incorporated	   in	   the	  wavefront	   correction	   in	  order	   to	  maintain	   the	   spatial	  overlap	  between	   the	  
excitation	  and	  depletion	  foci.	  Motivated	  by	  the	  application	  of	  3D-­‐STED	  microscopy	  to	  bulk	  diamond	  
samples,	   Chapter	   4	   also	   presented	   theoretical	  modelling	   that	   demonstrates	   the	   effect	   of	   a	   planar	  
refractive	  index	  mismatch	  on	  the	  excitation	  focus	  and	  the	  bottle	  beam	  focus	  used	  for	  axial	  depletion	  
in	   a	   STED	  microscope.	   It	  was	   pointed	  out	   that,	   for	   large	   degrees	   of	   spherical	   aberration,	   complex	  
focal	  shift	  behaviour	  occurs	  for	  the	  foci	  which	  complicates	  the	  correction	  of	  spherical	  aberration	  in	  
STED	  systems,	  such	  as	  those	  described	  in	  this	  thesis,	  where	  only	  correction	  of	  the	  depletion	  beam	  is	  
possible.	   Chapter	   4	   then	   detailed	   STED	   imaging	   in	   which	   the	   successful	   application	   of	   predictive	  
correction	   of	   spherical	   aberration	   experienced	   by	   the	   depletion	   focus	   was	   demonstrated	   in	   a	  
glycerol	  test	  sample	  and	  a	  CVD	  diamond	  sample,	  where	  complex	  focal	  shifts	  were	  calculated	  prior	  to	  
imaging	   and	   used	   to	   dynamically	   update	   the	   applied	   wavefront	   correction	   to	   maintain	   spatial	  
overlap	   between	   the	   excitation	   and	   depletion	   foci.	   It	   is	   believed	   that	   this	   predictive	   correction	  
philosophy	   has	   the	   potential	   to	   be	   useful	   for	   STED	   microscopy,	   particularly	   for	   imaging	   of	   bulk	  
materials,	  such	  as	  diamond,	  and	  for	  deep	  imaging	  of	  biological	  samples	  in	  which	  spherical	  aberration	  
occurs	   as	   the	   dominant	   mode.	   Indeed,	   this	   predictive	   correction	   principle	   has	   recently	   been	  
successfully	  applied	  to	  spinning	  disk	  confocal	  microscopy	  [234].	  However,	  as	  was	  shown	  in	  Chapter	  
4,	  STED	  microscopy	  is	  particularly	  sensitive	  to	  low	  order,	  non-­‐spherical	  aberration	  modes.	  Therefore,	  
if	  these	  non-­‐spherical	  modes	  appear	  in	  samples	  with	  significant	  degree,	  then	  their	  correction	  will	  be	  
necessary	  for	  effective	  STED	  imaging.	  A	  systematic	  study	  of	  the	  nature	  of	  aberrations	  experienced	  in	  
a	  range	  of	  samples	  such	  as	  live	  cells,	  fixed	  cells	  and	  tissue	  sections	  would	  be	  useful	  in	  order	  to	  assess	  
the	   requirements	   of	   aberration	   correction	   schemes	   for	   STED	   microscopy	   and	   to	   direct	   future	  
research	  activities	  in	  this	  field.	  
Chapter	   5	   served	   to	   give	   a	   general	   overview	   of	   diamond,	   including	   discussions	   of	   its	   material	  
properties,	  the	  methods	  by	  which	  it	   is	   industrially	  synthesised	  and	  its	   industrial	  uses.	  The	  diamond	  
classification	   system,	  which	   relies	  on	   the	   characterisation	  of	  nitrogen	  defects,	  was	   introduced	  and	  
the	   wider	   role	   of	   lattice	   defects	   on	   the	   optical	   properties	   of	   diamond	   was	   reviewed	   in	   detail.	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Particular	   attention	   was	   given	   to	   the	   negatively	   charged	   nitrogen	   vacancy	   centre	   (NV-­‐)	   and	   the	  
negatively	   charged	   silicon	   vacancy	   (SiV)	   due	   to	   the	   ubiquitous	   nature	   of	   the	   NV-­‐	   centre	   in	   CVD	  
diamond	  and	  the	  extensive	  attention	  that	  these	  defects	  have	  received	  in	  the	  literature.	  This	  chapter	  
also	  presented	  confocal	  and	  STED	  imaging	  of	  NV-­‐	  centres	  in	  CVD	  diamond	  that	  was	  carried	  out	  using	  
the	   STED	   microscope	   that	   was	   developed	   during	   this	   PhD	   and	   was	   described	   in	   Chapter	   3	   and	  
Chapter	   7.	   These	   images	   demonstrated	   that	   STED	   microscopy	   has	   potential	   for	   use	   as	   a	  
characterisation	   tool	   for	   the	   nanoscale	   spatial	   distribution	   of	   NV-­‐	   centres	   in	   bulk	   diamond.	  
Fluorescence	   lifetime	   imaging	   of	   CVD	   diamond	   that	   was	   performed	   using	   the	   instrumentation	  
described	   in	   Chapter	   3	   and	   Chapter	   7	   was	   also	   presented	   in	   Chapter	   5	   with	   lifetime	   contrast	  
observed	  at	  interfaces	  in	  the	  diamonds.	  This	  activity	  showed	  that	  fluorescence	  lifetime	  imaging	  can	  
be	  applied	  to	  the	  study	  of	  CVD	  diamond	  to	  provide	  a	  readout	  of	  the	  local	  environment	  of	  fluorescent	  
defects.	  This	  information	  could	  be	  used	  to	  indicate	  the	  presence	  of	  quenching	  defects	  [205].	  Further	  
studies	  could	  combine	  FLIM	  with	  spectral	   imaging	  to	  better	  understand	  the	  sources	  of	  the	   lifetime	  
contrast	   seen	   here.	   The	   FLIM	   described	   here	   was	   carried	   out	   with	   high	   magnification	   objective	  
lenses	   that	   provide	   small	   fields	   of	   view.	   Regions	   of	   diamonds	   displaying	   lifetime	   contrast	   were	  
mainly	   found	   by	   chance	   and	   so	   the	   development	   of	  methods	   to	   rapidly	   identify	   areas	   of	   interest	  
which	   could	   then	   be	   passed	   on	   for	   further	   study	   at	   higher	   magnification	   would	   be	   useful.	   This	  
chapter	  also	   investigated	  the	  application	  of	  a	  multidimensional	  spectrofluorometer	  to	  the	  study	  of	  
bulk	   diamond,	  whereby	  multispectral	   fluorescence	   lifetime	   data	  was	   collected	   from	   the	   bulk	   of	   a	  
diamond	  sample.	  Processing	  of	   this	  data	   suggested	   the	  presence	  of	   two	  spectrally	  distinct	  defects	  
with	   different	   lifetimes.	   This	   technique	   may	   have	   potential	   for	   the	   rapid	   characterisation	   of	  
fluorescence	  in	  bulk	  diamond	  and	  should	  be	  investigated	  further.	  The	  integration	  of	  a	  cryostat	  would	  
extend	   the	   functionality	   of	   this	   instrument	   by	   offering	   multispectral	   fluorescence	   lifetime	  
measurement	   of	   diamond	   at	   liquid	   nitrogen	   temperature.	   Future	   studies	   could	   explore	   the	  
possibility	  of	  a	  multi-­‐functional	   instrument	  designed	  specifically	   for	  the	  study	  of	  diamond	  samples.	  
Such	   an	   instrument	   could	   incorporate	   STED,	   FLIM,	   spectral	   imaging,	   polarisation	   resolved	   imaging	  
and	  imaging	  at	  cryostatic	  temperatures.	  
The	   application	   of	   the	   STED	   instrumentation	   developed	   during	   this	   PhD	   to	   prototype	   plasmonic	  
nanoparticles	  was	  described	   in	  Chapter	  6.	  This	  chapter	  gave	  an	  overview	  of	   the	  basic	  principles	  of	  
nanoparticle	   assisted	   STED	   microscopy	   (NP-­‐STED)	   and	   the	   motivation	   behind	   this	   avenue	   of	  
research.	  The	  design	  and	  characterisation	  of	   the	  nanoparticles	  was	  discussed	  followed	  by	  practical	  
details	  and	  results	  of	  experiments	  carried	  out	  during	  the	  course	  of	  this	  PhD	  that	  provided	  the	  first	  
experimental	   evidence	   that	   plasmonic	   field	   enhancement	   can	   reduce	   the	   depletion	   laser	   power	  
requirements	  of	  STED	  microscopy,	  here	  by	  a	  factor	  of	  approximately	  four.	  During	  these	  experiments	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some	  unintended	  consequences	  of	  the	  plasmonic	  resonators	  incorporated	  in	  the	  nanoparticles	  were	  
uncovered,	  such	  as	  resistive	  heating	  of	  the	  nanoparticles	  by	  the	  depletion	  beam	  and	  the	  non-­‐linear	  
excitation	  of	  short	  lifetime	  fluorescence	  by	  the	  STED	  beam.	  Fortunately,	  the	  incorporation	  of	  TCSPC	  
electronics	  in	  the	  STED	  system	  used	  for	  these	  experiments	  facilitated	  time	  resolved	  detection	  of	  the	  
emission	  photons	  and	  the	  unwanted	  fluorescence	  background	  generated	  by	  the	  STED	  beam	  could	  be	  
omitted	  from	  the	  final	  STED	  images.	  While	  the	  problem	  of	  the	  background	  luminescence	  was	  neatly	  
circumvented	  here,	   it	   is	   clear	   that	   future	   studies	  would	  benefit	   from	  a	   conclusive	   identification	  of	  
the	  source	  of	  the	  luminescence	  and	  pursuit	  of	  methods	  by	  which	  this	  effect	  could	  be	  eliminated.	  As	  
mentioned	  in	  Chapter	  6,	  a	  reduction	  in	  the	  peak	  power	  to	  which	  the	  nanoparticles	  are	  exposed	  e.g.	  
by	  the	  use	  of	  time-­‐gated	  continuous	  wave	  STED	  microscopy	  may	  be	  one	  such	  avenue	  towards	  this	  
goal.	  Furthermore,	  the	  issue	  of	  resistive	  heating	  of	  the	  nanoparticles	  may	  be	  alleviated	  by	  the	  use	  of	  
lower	   repetition	   rate	   laser	   sources	   or	   fast	   scanning	   schemes.	   Priorities	   for	   future	   studies	   include	  
reducing	  the	  size	  of	  the	  nanoparticles,	  here	  ~120	  nm,	  in	  order	  to	  facilitate	  practical	  super-­‐resolution	  
imaging	  and	  to	  functionalize	  the	  nanoparticles	  such	  that	  they	  can	  be	  bound	  to	  structures	  of	  interest	  
within	  biological	  samples.	  If	  these	  goals	  can	  be	  achieved	  then	  nanoparticle	  assisted	  STED	  may	  offer	  
significant	   benefits	   to	   STED	  microscopy	   e.g.	   reduction	   of	   sample	   exposure,	   cheaper	   STED	   systems	  
and	   a	   route	   towards	   more	   effective	   parallelized	   STED	   schemes	   due	   to	   the	   reduced	   laser	   power	  
requirements.	  	  
Chapter	   7	   detailed	   the	   upgrade	   of	   the	   3D-­‐STED	   instrumentation	   that	  was	   discussed	   in	   Chapter	   3,	  
from	  a	  stage	  scanning	  setup	  to	  a	  beam	  scanning	  setup	  and	  the	  design	  and	  construction	  of	  a	  new	  3D-­‐
STED	  system	  intended	  for	  STED	  of	  green	  fluorescent	  protein.	  The	  reasons	  for	  conversion	  of	  the	  3D-­‐
STED	  setup	   from	  a	   stage	   scanning	   system	  to	  a	  beam	  scanning	   system	   included	   faster	   frame	   rates,	  
reduced	   sample	   motion	   and	   the	   potential	   for	   fast	   scanning	   to	   facilitate	   reduced	   photobleaching	  
through	  triplet	  state	  relaxation	  [231].	   Integration	  of	  the	  commercial	  beam	  scanning	  unit	  proved	  to	  
be	   a	   considerable	   practical	   challenge.	   A	   number	   of	   factors	  were	   responsible	   for	   these	   difficulties,	  
including	   the	   stringent	   optical	   requirements	   of	   the	   SLM	   based	   STED	   setup,	   the	   incomplete	  
information	  regarding	  the	  proprietary	  optical	  design	  of	  the	  scanning	  unit	  and	  the	  lack	  of	  components	  
to	  mechanically	  interface	  the	  scanner	  with	  the	  microscope	  frame	  since	  the	  scan	  unit	  is	  not	  designed	  
for	  use	  with	  the	  Leica	  SP2	  frame	  used	  here.	  Nevertheless,	  the	  integration	  of	  the	  fast	  beam	  scanning	  
unit	   into	   the	  3D-­‐STED	   instrument	  was	  achieved,	   and	  Chapter	  7	  detailed	   the	  design	  and	  alignment	  
procedures	   that	   were	   used	   for	   this	   activity.	   Application	   of	   the	   system	   to	   the	   super-­‐resolution	  
imaging	   of	   bulk	   diamond	   and	   biological	   samples	  was	   presented.	   During	   these	   experiments	   it	  was	  
noticed	   that	   the	   beam	   scanning	   unit	   modulates	   the	   polarisation	   state	   of	   the	   depletion	   beam	  
depending	  on	  the	  angle	  of	  the	  scan	  mirrors.	  This	  effect	  is	  undesirable	  for	  STED	  microscopy	  since	  the	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polarisation	  state	  of	   the	  depletion	  beam	   is	  a	  critical	   factor	   for	   the	  generation	  of	  a	  doughnut	   focus	  
with	   acceptable	   quality.	   It	   is	   thought	   that	   change	   of	   polarisation	   state	  may	   be	   inherent	   to	   beam	  
scanning	  systems	  that	  utilise	  galvanometric	  mirrors	  and	  this	  could	  be	  exacerbated	  by	  the	  presence	  
of	  any	  dielectric	  coatings	  on	  the	  mirror	  surfaces.	   	  A	  theoretical	  study	  of	  polarisation	  state	  changes	  
incurred	  in	  different	  beam	  scanning	  geometries	  would	  be	  valuable	  and	  could	  help	  aid	  the	  design	  of	  
better	  scanning	  solutions	  for	  STED	  microscopy.	  T-­‐Rex	  STED	  was	  discussed	  in	  this	  chapter	  and	  it	  was	  
pointed	  that	  out	  that,	  while	  it	  is	  not	  possible	  to	  reach	  the	  conditions	  required	  to	  perform	  true	  T-­‐Rex	  
STED	  with	  the	  scanner	  and	  80	  MHz	  laser	  source	  used	  here,	  faster	  scanning	  does	  expose	  fluorophores	  
to	  a	  number	  of	  successive	  pulses	  per	  scan	  that	   is	  orders	  of	  magnitude	   lower	   than	  that	   for	  a	  stage	  
scanning	  system.	  A	  systematic	  study	  of	  photobleaching	  should	  be	  carried	  out	   in	   future	   to	  quantify	  
the	  benefits	  of	  faster	  scanning.	  
Super-­‐resolution	   imaging	  of	   live	  cells	  and	  tissue	   is	  an	   important	   research	  aim	  for	  which	   the	  use	  of	  
fluorescent	  proteins	  is	  generally	  essential	  e.g.	  in	  PALM,	  photoswitched	  RESOLFT.	  The	  design	  of	  a	  3D-­‐
STED	   microscope	   with	   a	   depletion	   laser	   operating	   at	   560	   nm	   was	   presented	   in	   Chapter	   7.	   This	  
instrument	   aims	   to	   enable	   super-­‐resolution	   imaging	   of	   live	   cells	   through	   STED	   imaging	   of	   GFP.	  
Similarly	   to	   the	   3D-­‐STED	   instrumentation	   described	   elsewhere	   in	   this	   thesis,	   the	   use	   of	   SLM	  
technology	  here	  will	   facilitate	  compensation	  of	  aberrations	  encountered	   in	   live	  cells	  or	  at	  depth	   in	  
tissue	  sections.	  The	  construction	  of	  this	  setup	  relied	  upon	  the	  development	  of	  the	  560	  nm	  depletion	  
laser	  source	  by	  the	  Femtosecond	  Optics	  Group	  at	  Imperial	  College	  London.	  The	  depletion	  source	  is	  a	  
pulsed	   Raman	   fibre	   laser	   with	   tunable	   repetition	   rate	   and	   pulse	   duration,	   providing	   Watt-­‐level	  
average	   power.	   A	   brief	   overview	   of	   the	   operating	   principles	   of	   this	   laser	   was	   given	   in	   Chapter	   7	  
before	  the	  integration	  of	  this	  laser	  into	  a	  3D-­‐STED	  microscope	  was	  described.	  This	  3D-­‐STED	  system,	  
which	  incorporates	  a	  triggerable	  pulsed	  diode	  laser	  for	  excitation	  that	  is	  electronically	  synchronized	  
to	  the	  depletion	  source,	  represents	  a	  more	  modern,	  simpler	  approach	  to	  STED	  microscopy	  than	  that	  
outlined	   in	   Chapter	   3.	   The	   main	   advantages	   of	   this	   are	   the	   lower	   costs	   associated	   with	   the	  
components	  and	  the	  smaller	  footprint	  of	  the	  system.	  The	  lower	  repetition	  rate	  of	  the	  laser	  sources	  
and	  longer,	  lower	  peak	  power	  pulses	  may	  also	  prove	  to	  be	  more	  suitable	  for	  STED	  microscopy	  of	  GFP	  
than	   other	   published	   solutions	   e.g.	   an	  OPO	   pumped	  with	   an	   80	  MHz	   Ti:Sapphire	   laser	   as	   used	   in	  
[232].	  STED	  microscopy	  has	  been	  demonstrated	  with	  similar	  fibre	  laser	  sources	  operating	  at	  775	  nm	  
[101],	   [102].	   These	   sources	   are	   now	   incorporated	   in	   commercially	   available	   systems	   (Leica	  
Microsystems,	  Wetzlar,	  Aberrior	  Instruments,	  Göttingen)	  and	  offer	  higher	  pulse	  energies	  and	  lower	  
repetition	   rates	   than	   the	   stretched	   pulses	   stemming	   from	   the	   Ti:Sapphire	   source	   used	   in	  
experiments	  described	  in	  this	  thesis.	  Sources	  such	  as	  these	  could	  offer	  better	  resolution	  imaging	  of	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NV-­‐	   centres	   through	  more	   complete	   suppression	   of	   the	   fluorescence	   and	  may	   also	   contribute	   to	  
alleviation	  of	  photobleaching	  in	  biological	  samples	  through	  the	  lower	  repetition	  rates.	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